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Copepods play a vital intermediate role in any marine pelagic food web. They channel energy 
from primary production to higher trophic levels and, via the biological carbon pump, 
substantially affect biogeochemical cycles and carbon fluxes. 
The distinct seasonality of primary production is probably the most important factor 
influencing life-cycle adaptions of herbivorous copepod species in high-latitude ecosystems. 
Ontogenetic seasonal vertical migration (OVM) with a resting stage (diapause) at greater 
depth is known as an adaption to escape food scarcity during winter. Diapause is characterised 
by reduced metabolic rates and the cessation of feeding. Therefore, diapausing copepods are 
presumably neutrally buoyant to avoid a depletion of their restricted recources by swimming 
movements. However, no experimental observations or density determinations have been 
conducted for Antarctic copepods so far and the mechanisms triggering the on- and offset of 
OVM and diapause, and regulating buoyancy, are still far from understood. 
Within the present study, novel hypotheses about the controlling factors of dormancy and 
OVM were established by testing an inter-linked role of ammonium accumulation for 
regulating buoyancy during diapause and an associated pH reduction for triggering metabolic 
depression. The accumulation of ammonium (NH4+) and the replacement of ions with a higher 
density is a known buoyancy regulation mechanism in several marine invertebrates. To keep 
ammonium in the less toxic ionised form, a low pH is required. Knowing that acidic pH 
conditions are a relevant factor inducing metabolic reduction, a low haemolymph pH might 
not only be a precondition for ammonium accumulation, but in addition trigger dormancy in 
copepods.  
Buoyancy observations of anaesthetised individuals revealed that diapausing species 
Calanoides acutus was neutrally buoyant during austral winter, whereas active overwintering 
species Calanus propinquus was negatively buoyant. Diapausing and non-diapausing species 
differed sigificantly in their extracellular cation composition. In actively overwintering species, 
the cation composition of the haemolymph was similar to that of seawater. In diapausing 
copepods, severly elevated concentrations of up to 530 mmol L-1 NH4+ and reduced 
contributions of the remaining cations Na+, Ca2+ and Mg2+ were found. Moreover, elevated 




with a higher molecular weight against low density ammonium decreases the overall density 
of the diapausing copepod and supports neutral buoyancy, while staying isoosmotic with the 
surrounding seawater. The low extracellular pH is necessary to form NH4+ and to prevent it 
from diffusive loss, but in addition, could play a fundamental role in the regulation of 
metabolic depression and thus in the control of diapause. 
The present study contributes to a better understanding of the regulation mechanisms of 
dominant copepods` life cycles, in particular of the triggering and controlling factors of vertical 
migration and diapause. Since polar oceans are where climate change and global warming 
have the most visible and significant impacts, knowledge about physiological and metabolic 
adaptations of the species that inhabit it are of profound relevance for understanding and 

















Copepoden bilden eine entscheidende intermediäre Komponente im marinen Nahrungsnetz. 
Sie leiten Energie von der Primärproduktion zu höheren trophischen Stufen und spielen eine 
wichtige Rolle im Kohlenstoffzyklus. 
Im Südlichen Ozean stellt die ausgeprägte Saisonalität der Primärproduktion den wohl 
bedeutsamsten Faktor für die Ausprägung von Lebensstrategien herbivorer Copepoden dar. 
Um dem Nahrungsmangel während der Wintermonate zu entgehen führen manche Arten 
ontogenetische, saisonale Vertikalwanderungen mit einem Ruhestadium in großer Tiefe, 
genannt Diapause durch. Während der Diapause nehmen Copepoden keine Nahrung auf und 
verringern ihren Stoffwechsel. Man geht davon aus, dass sie neutralen Auftrieb aufweisen, um 
eine Energieverschwendung durch aktives Schwimmen zu umgehen. Bisher wurden jedoch 
noch keine experimentellen Studien oder Beobachtungen bezüglich des Auftriebs von 
Antarktischen Copepoden durchgeführt. Zudem sind die Faktoren, die für die zeitliche Abfolge 
der Vertikalwanderung und der damit verbundenen Diapause verantwortlich sind, sowie die 
physiologischen Mechanismen der Auftriebsregulation, nach wie vor weitestgehend 
unbekannt.  
Die  vorliegende Studie testet eine neue Hypothese, nach der ein Ionenaustausch für die 
Auftriebsregulation und ein niedriger pH für die Stoffwechselreduzierung während der 
Diapause zuständig sind. Der Austausch von Ionen mit einer höheren Dichte und die 
Anreicherung von Ammonium (NH4+) mit einer niedrigeren Dichte, ist bereits als 
Auftriebsmechanismus in einer Reihe mariner Invertebraten bekannt. Um Ammonium in 
seiner weniger toxischen, ionisierten Form zu speichern, ist ein niedriger pH notwendig. Da 
niedrige pH Werte dafür bekannt sind für die Reduzierung von Stoffwechselwegen 
verantwortlich zu sein, könnten sie nicht nur als Voraussetzung für die Anreicherung von 
Ammonium, sondern auch der Stoffwechselreduzierung während der Diapause von 
Copepoden dienen.   
Bei der Diapause-Art Calanoides acutus konnte ein neutraler Auftrieb während des 
antarktischen Winters festgestellt werden. Im Gegensatz dazu wies die aktiv überwinternde 
Art Calanus propinquus negativen Auftrieb auf. Ruhende und aktive Arten unterschieden sich 




glich in ihrer Kationenzusammensetzung der von Seewasser. In inaktiven Arten wurden 
hingegen sehr hohe Konzentrationen von bis zu 530 mmol L-1  Ammonium (NH4+) festgestellt. 
Erhöhte Ammonium-Werte gingen mit reduzierten Konzentrationen der übrigen Kationen 
Natrium (Na+), Calcium (Ca2+) und Magnesium (Mg2+) einher. Darüber hinaus lagen niedrige pH-
Werte von ≤6 in der Hämolymphe vor.  
Der Austausch von Kationen einer höheren Dichte gegen Ammonium mit einer niedrigeren 
Dichte verringert die Gesamtdichte des Individuums und unterstützt die Regulation von 
energiesparendem, neutralem Auftrieb während der Diapause. Der niedrige, extrazelluläre pH 
ist nicht nur für die Bildung von NH4+ erforderlich, sondern kann auch zu einer 
Stoffwechselreduzierung und damit zur Kontrolle der Diapause beitragen.  
Die vorliegende Studie trägt zu einem besseren Verständnis der Regulation und den damit 
verbundenen Mechanismen von Diapause und Auftrieb dominanter Copepoden-Arten bei. Da 
Polargebiete besonders stark von den Auswirkungen des globalen Klimawandel betroffen sein 
werden, sind Studien über die Anpassungsstrategien und physiologischen Mechanismen 
polarer Copepoden unerlässlich, um mögliche Auswirkungen auf das gesamte Ökosystem 
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ϭ SĐieŶtifiĐ BaĐkgrouŶd 
ϭϬ 
 
1 ScieŶtific BackgrouŶd 
1.1 Copepods of the SoutherŶ OceaŶ 
Copepods plaǇ a ǀerǇ iŵportaŶt iŶterŵediate role iŶ aŶǇ ŵariŶe food ǁeď, ĐhaŶŶelliŶg eŶergǇ 
froŵ priŵarǇ produĐtioŶ to higher trophiĐ leǀels suĐh as fishes, seaďirds aŶd ǁhales. Their 
eǆĐretioŶ produĐts serǀe as ŶutrieŶts for phǇtoplaŶktoŶ groǁth, aŶd feĐal pellets produĐed ďǇ 
Đopepods fuel the ďiogeoĐheŵiĐal ĐarďoŶ ĐǇĐle ǀia the eǆport of orgaŶiĐ ŵatter froŵ the 
surfaĐe to the deep-sea ďeŶthiĐ fauŶa ;e.g. LoŶghurst ϭϵϵϭͿ.  
IŶ the SoutherŶ OĐeaŶ, Đopepods ŶuŵeriĐallǇ doŵiŶate the zooplaŶktoŶ ĐoŵŵuŶitǇ, 
aĐĐouŶtiŶg for ϲϴ-ϵϳ% of the total aďuŶdaŶĐe aŶd Ϯϰ-ϵϬ% of the total zooplaŶktoŶ staŶdiŶg 
stoĐk ;e.g. Pakhoŵoǀ aŶd FroŶeŵaŶ ϮϬϬϰͿ. The Đopepod ĐoŵŵuŶitǇ is doŵiŶated ďǇ oŶlǇ a 
feǁ eŶdeŵiĐ speĐies, ǁith large ĐalaŶoid Calanoides acutus, Calanus pƌopinƋuus aŶd 
Rhincalanus gigas ĐoŶtriďutiŶg ŵost to total Đopepod ďioŵass ;e.g. SĐhŶaĐk-SĐhiel ϮϬϬϭ;  





Figure 1. DoŵiŶaŶt calaŶoid copepods froŵ the SoutherŶ OceaŶ. Calanoides acutus ;A, photo ďǇ 
M. HoppŵaŶŶ, AWI, BreŵerhaǀeŶͿ, Calanus pƌopinƋuus ;B, photo ďǇ J. Huggett, DepartŵeŶt of 
EŶǀiroŶŵeŶtal Affairs, Cape ToǁŶ, South AfriĐaͿ aŶd Rhincalanus gigas ;C, photo ďǇ E. VaresĐĐhiͿ. 
All three speĐies are sŵall-partiĐle feeder, feediŶg priŵarilǇ oŶ phǇtoplaŶktoŶ aŶd protozoaŶs 
;HopkiŶs aŶd Torres ϭϵϴϵͿ. PredoŵiŶaŶtlǇ herďiǀorous, theǇ are stroŶglǇ affeĐted ďǇ the 
distiŶĐt seasoŶalitǇ of priŵarǇ produĐtioŶ iŶ polar ǁaters. Most of the iŶter-aŶŶual fluĐtuatioŶ 
of phǇtoplaŶktoŶ groǁth is ďased oŶ ǀarǇiŶg iŶteŶsitǇ aŶd dailǇ duratioŶ of light, aŶd oŶ the 
forŵatioŶ aŶd eǆteŶt of sea iĐe, raŶgiŶg froŵ ϯ-ϰǆϭϬϲ kŵϮ  iŶ austral suŵŵer to ϭϴ-ϮϬǆϭϬϲ kŵϮ 
iŶ austral ǁiŶter ;EiĐkeŶ aŶd Leŵke ϮϬϬϭ; Fig. ϮͿ.  
A B C 
ϱ ŵŵ ϱ ŵŵ ϴ ŵŵ 
 ϭϭ 
 
 ϭ.Ϯ OǀerǁiŶteriŶg strategies 
 
Figure Ϯ. MonthlǇ sea-ice eǆtent in the Southern Ocean. Late suŵŵer/earlǇ autuŵŶ: MarĐh ϮϬϭϭ, 
ǁiŶter: JulǇ ϮϬϭϯ, late spriŶg/earlǇ suŵŵer: DeĐeŵďer ϮϬϭϭ, suŵŵer: FeďruarǇ ϮϬϭϰ; deriǀed froŵ 
satellite passiǀe-ŵiĐroǁaǀe oďserǀatioŶs ;Fetterer et al. ϮϬϬϮͿ of the NatioŶal SŶoǁ aŶd IĐe Data CeŶter, 
UŶiǀersitǇ of Colorado, Boulder ;ŵageŶta liŶe iŶdiĐates ŵediaŶ eǆteŶt for that ŵoŶthͿ.  
Despite relatiǀelǇ loǁ ŵeaŶ ĐhlorophǇll ĐoŶĐeŶtratioŶs ;< Ϭ.ϯ-Ϭ.ϰ ŵg ŵ−ϯͿ oǀer ŵost of the 
SoutherŶ OĐeaŶ, ǀerǇ deŶse ďut ďrief phǇtoplaŶktoŶ ďlooŵs eǆĐeediŶg ĐhlorophǇll 
ĐoŶĐeŶtratioŶs of ϭ.Ϭ ŵg ŵ−ϯ ĐaŶ ďe oďserǀed iŶ three geŶeral areas: Đoastal/shelf ǁaters, 
areas assoĐiated ǁith the seasoŶal sea-iĐe retreat, aŶd the ǀiĐiŶitǇ of the ŵajor SoutherŶ 
OĐeaŶ froŶts ;Moore aŶd Aďďott ϮϬϬϬͿ. The seasoŶal ďlooŵs deǀelop rapidlǇ folloǁiŶg the 
spriŶg ŵelt aŶd dispersioŶ of sea iĐe aŶd last for aďout ϴ to ϭϬ ǁeeks ďefore theǇ deĐliŶe due 
to graziŶg pressure, Đell loss ǀia sediŵeŶtatioŶ aŶd reduĐed ǁater ĐolouŵŶ staďilitǇ ;Clarke 
ϭϵϴϴͿ. The eǀolutioŶarǇ suĐĐess of the three Đopepod speĐies is ďased iŶter alia oŶ their aďilitǇ 
to adapt to the fluĐtuatiŶg food supplǇ aŶd to ďridge periods of uŶfaǀouraďle food ĐoŶditioŶs 
duriŶg austral ǁiŶter. 
ϭ.Ϯ Oǀerǁintering strategies 
The three Đopepod speĐies haǀe deǀeloped speĐies-speĐifiĐ adaptatioŶs aŶd are 
represeŶtatiǀes of differeŶt oǀerǁiŶteriŶg strategies. First atteŵpts to aŶalǇse their life ĐǇĐles 
ǁere ŵade ďǇ Ottestad ;ϭϵϯϮ, ϭϵϯϲͿ, OŵŵaŶŶeǇ ;ϭϵϯϲͿ aŶd AŶdreǁs ;ϭϵϲϲͿ aŶd disĐoǀered 
ĐoŶsideraďle iŶter-aŶŶual aŶd iŶtra-speĐifiĐ differeŶĐes ĐoŶĐerŶiŶg the stage-ĐoŵpositioŶ aŶd 
its ǀertiĐal aŶd latitudiŶal distriďutioŶ. SeasoŶal ǀertiĐal ŵigratioŶ as a strategǇ to teŵporarǇ 
esĐape froŵ uŶfaǀouraďle eŶǀiroŶŵeŶts ǁas fouŶd to ďe a doŵiŶaŶt feature iŶ all three 
speĐies, eǀeŶ though ǀariatioŶs iŶ tiŵiŶg, eǆteŶt aŶd the ĐapaďilitǇ to proloŶg the feediŶg 
period iŶto the ǁiŶter ŵoŶths or oǀerǁiŶter aĐtiǀelǇ feediŶg ǁithiŶ the iĐe oĐĐur ;e.g. 
AŶdreǁs ϭϵϲϲ; VoroŶiŶa ϭϵϳϬ; MariŶ ϭϵϴϴ; AtkiŶsoŶ ϭϵϵϭ; SĐhŶaĐk-SĐhiel ϮϬϬϭͿ. Moreoǀer, 
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ĐoŶsideƌaďle speĐies-speĐifiĐ diffeƌeŶĐes ǁith ƌegaƌd to life-ĐǇĐle adaptatioŶs ĐaŶ ďe fouŶd iŶ 
lipid-ďiosǇŶthesis pathǁaǇs aŶd stoƌage patteƌŶ ;e.g. HageŶ et al. ϭϵϵϯ; KattŶeƌ aŶd HageŶ 
ϭϵϵϱ; Lee at al. ϮϬϬϲ, KattŶeƌ et al. ϮϬϭϮͿ, dietaƌǇ pƌefeƌeŶĐes ;e.g. Dalsgaaƌd et al. ϮϬϬϯͿ, 
ŵetaďoliĐ aĐtiǀities ;e.g. Dƌits et al. ϭϵϵϰ, PasteƌŶak aŶd “ĐhŶaĐk-“Đhiel ϮϬϬϭͿ as ǁell as the 
peƌfoƌŵaŶĐe aŶd tiŵiŶg of seasoŶal/oŶtogeŶetiĐ ǀeƌtiĐal ŵigƌatioŶs ;OVMͿ aŶd doƌŵaŶĐǇ 
;e.g. BathŵaŶŶ et al. ϭϵϵϯ, AtkiŶsoŶ ϭϵϵϴͿ. 
ϭ.Ϯ.ϭ DorŵaŶcy iŶ Calanoides acutus 
DoƌŵaŶĐǇ is defiŶed as a `state of suppƌessed deǀelopŵeŶt` ;DaŶks ϭϵϴϳͿ. It ƌepƌeseŶts aŶ 
eŶeƌgǇ-saǀiŶg tƌait to ďƌidge peƌiods of eŶǀiƌoŶŵeŶtal haƌshŶess ;Dahŵs ϭϵϵϱͿ. IŶ Đopepods, 
it oĐĐuƌs iŶ ďoth fƌeshǁateƌ aŶd ŵaƌiŶe speĐies of the thƌee taǆa HaƌpaĐtiĐoida, CǇĐlopoida 
aŶd CalaŶoida aŶd ĐaŶ eitheƌ ďe eǆpƌessed iŶ ƌestiŶg eggs, eŶĐǇstŵeŶt oƌ aƌƌested 
deǀelopŵeŶt iŶ Ŷauplii, Đopepodids oƌ adults. Theƌe is a latitudiŶal teŶdeŶĐǇ of doƌŵaŶĐǇ ǁith 
ŵost ƌepoƌts of Đopepods fƌoŵ higheƌ latitudes, deĐƌeasiŶg toǁaƌds the teŵpeƌate aŶd 
tƌopiĐal ƌegioŶs ;Dahŵs ϭϵϵϱͿ. DoƌŵaŶĐǇ ĐaŶ fuƌtheƌ ďe diǀided iŶto `ƋuiesĐeŶĐe` aŶd 
`diapause` ;DaŶks ϭϵϴϳͿ. QuiesĐeŶĐe ;i.e. pseudo-diapauseͿ is defiŶed as a shoƌt-teƌŵ aŶd 
iƌƌegulaƌ pheŶoŵeŶoŶ, ǁhiĐh aĐts as a diƌeĐt ƌespoŶse to a liŵitiŶg faĐtoƌ suĐh as loǁ 
teŵpeƌatuƌe oƌ food-sĐaƌĐitǇ ǁithout aŶǇ pƌioƌ aĐĐliŵatioŶ ;Dahŵs ϭϵϵϱͿ. Diapause, hoǁeǀeƌ, 
is defiŶed as a peƌiod of aƌƌested deǀelopŵeŶt ǁhiĐh is ĐoŵpulsoƌǇ aŶd geŶetiĐallǇ 
deteƌŵiŶed, ďut tƌiggeƌed ďǇ eŶǀiƌoŶŵeŶtal faĐtoƌs ;DaŶks ϭϵϴϳͿ. UŶdeƌstaŶdiŶg the 
pheŶologǇ of Đopepod diapause has loŶg ďeeŶ aŶ aiŵ of ďiologiĐal oĐeaŶogƌaphǇ, ďut the 
speĐifiĐ sigŶals that tƌiggeƌ the oŶset, ŵaiŶteŶaŶĐe aŶd teƌŵiŶatioŶ aŶd the phǇsiologiĐal 
ŵeĐhaŶisŵs that aƌe ƌespoŶsiďle foƌ ŵetaďoliĐ depƌessioŶ ƌeŵaiŶ pooƌlǇ uŶdeƌstood. “oŵe 
studies suppose eǆteƌŶal faĐtoƌs suĐh as photopeƌiod, teŵpeƌatuƌe, ĐheŵiĐal Đues oƌ 
populatioŶ deŶsities ;e.g. Elgŵoƌk ϭϵϴϬ, EiŶsle ϭϵϲϰ, “piŶdleƌ ϭϵϳϭͿ; ǁheƌeas otheƌs ĐoŶsideƌ 
iŶteƌŶal faĐtoƌs suĐh as a ͞ďiologiĐal ĐloĐk͟ ;e.g. Milleƌ et al. ϭϵϵϭ, Williaŵs-Hoǁze aŶd Coull 
ϭϵϵϮͿ, oƌ lipid aŵouŶt aŶd ĐoŵpositioŶ ;e.g. Coƌkett aŶd MĐLaƌeŶ ϭϵϲϵ, PoŶd ϮϬϭϮͿ. The 
ƌeasoŶs hiŶdeƌiŶg pƌogƌess iŶ addƌessiŶg this issue iŶĐlude iŶteƌ alia the iŶaďilitǇ to iŶitiate 
diapause iŶ ĐaptiǀitǇ aŶd logistiĐal ĐoŶstƌaiŶts of oďtaiŶiŶg saŵples fƌoŵ oǀeƌǁiŶteƌiŶg depth 
iŶ ƌeŵote polaƌ ƌegioŶs duƌiŶg ǁiŶteƌ. AŵoŶg AŶtaƌĐtiĐ Đopepods, the epipelagiĐ Đopepod 
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Figure ϯ. SĐheŵatiĐ ϭ-Ǉear life ĐǇĐle of Calanoides acutus ǁith oŶtogeŶetiĐ ǀertiĐal ŵigratioŶ 
aŶd diapause ;PiĐtuƌe Đƌedit: Sigƌid SĐhielͿ. OffspƌiŶg deǀelops fƌoŵ Ŷauplii to eaƌlǇ Đopepodite stages I 
to III iŶ suƌfaĐe ǁateƌs iŶ spƌiŶg aŶd feeds oŶ the spƌiŶg ďlooŵ, ŵatuƌe to stage III oƌ IV aŶd desĐeŶds to 
oǀeƌǁiŶteƌ ǁithout feediŶg iŶ deep ǁateƌs as stage IV aŶd V Đopepodids. Befoƌe populatioŶ asĐeŶds iŶ 
spƌiŶg, stages V ŵoult to stage VI adults, aŶd ƌise to feed iŶ suƌfaĐe ǁateƌs ǁith alŵost all feŵales ĐaƌƌǇiŶg 
speƌŵ saĐs. OŶset of spaǁŶiŶg iŶ Noǀeŵďeƌ, aŶd peak egg pƌoduĐtioŶ iŶ DeĐeŵďeƌ aŶd JaŶuaƌǇ ;AŶdƌeǁs 
ϭϵϲϲ, MaƌiŶ ϭϵϴϴͿ.  
It has a ĐleaƌlǇ defiŶed oŶe-Ǉeaƌ life ĐǇĐle aŶd ĐoŶduĐts eǆteŶsiǀe seasoŶal ǀeƌtiĐal ŵigƌatioŶs 
assoĐiated ǁith a ƌestiŶg stage at depth ;Fig. ϯͿ. The late Đopepodite stages CIV aŶd CV 
desĐeŶd to depths of ďeloǁ ϱϬϬ ŵ iŶ late suŵŵeƌ, eaƌlǇ autuŵŶ aŶd ƌeside foƌ ϳ-ϵ ŵoŶths iŶ 
diapause, ǁhiĐh is ĐhaƌaĐteƌized ďǇ ĐessatioŶ of feediŶg, aƌƌested deǀelopŵeŶt aŶd ƌeduĐed 
ŵetaďoliĐ ƌates ;e.g. SĐhŶaĐk-SĐhiel et al. ϭϵϵϭ, SĐhŶaĐk-SĐhiel aŶd HageŶ ϭϵϵϱͿ. EŶeƌgǇ 
ƌeƋuiƌeŵeŶts aƌe Đoǀeƌed ďǇ ŵassiǀe lipid stoƌes ;up to ϱϮ % of dƌǇ ŵass, HageŶ aŶd Auel 
ϮϬϬϭͿ, aĐĐuŵulated iŶ the pƌeǀious pƌoduĐtiǀe seasoŶ ;SĐhŶaĐk-SĐhiel et al. ϭϵϵϭͿ. IŶ Đase of 
C. acutus, these lipid stoƌes ĐoŶsist pƌedoŵiŶaŶtlǇ of ǁaǆ esteƌs aŶd seƌǀe as a loŶg-teƌŵ 
deposit to Đoǀeƌ ďasal ŵetaďoliĐ Ŷeeds duƌiŶg diapause as ǁell as to fuel the ƌestaƌt of 
deǀelopŵeŶt, gƌoǁth aŶd ƌepƌoduĐtioŶ iŶ spƌiŶg ;HageŶ aŶd SĐhŶaĐk-SĐhiel ϭϵϵϲ, AtkiŶsoŶ 




ϭϵϵϴ, Lee et al. ϮϬϬϲͿ. MatuƌatiŶg iŶto adults aŶd feƌtilisatioŶ take plaĐe iŶ late ǁiŶteƌ, ďefoƌe 
oŶlǇ the feƌtilised feŵales ƌe-asĐeŶd to the suƌfaĐe laǇeƌ to ƌelease theiƌ eggs pƌioƌ to the 
spƌiŶg phǇtoplaŶktoŶ ďlooŵ. Thus, a suĐĐessful oǀeƌǁiŶteƌiŶg aŶd heŶĐe ƌepƌoduĐtioŶ iŶ the 
folloǁiŶg spƌiŶg ĐaŶ oŶlǇ ďe aĐhieǀed if diapausiŶg Đopepods ĐoŶseƌǀe eŶeƌgǇ foƌ ŵoultiŶg, 
ƌepƌoduĐtioŶ aŶd egg deǀelopŵeŶt thƌoughout ǁiŶteƌ. Just like foƌ doƌŵaŶĐǇ, the tƌiggeƌiŶg 
faĐtoƌs iŶduĐiŶg aŶd teƌŵiŶatiŶg OVM aŶd diapause iŶ CalaŶoides acutus aƌe still uŶkŶoǁŶ.  
ϭ.Ϯ.Ϯ AĐtiǀe oǀerǁiŶteriŶg iŶ Calanus pƌopinƋuus 
Alďeit CalaŶus pƌopiŶƋuus is a pƌedoŵiŶaŶtlǇ heƌďiǀoƌous speĐies, it has ďeeŶ oďseƌǀed to 
sǁitĐh to a ŵoƌe oŵŶiǀoƌous/detƌitiǀoƌous diet duƌiŶg ǁiŶteƌ, ǁheŶ phǇtoplaŶktoŶ 
ĐoŶĐeŶtƌatioŶs iŶ the ǁateƌ ĐoluŵŶ aƌe loǁ. Siŵilaƌ to C. acutus, it has a oŶe-Ǉeaƌ life ĐǇĐle, 
ďut is aďle to eǆteŶd its feediŶg, gƌoǁth aŶd ƌepƌoduĐtioŶ peƌiods iŶto the ǁiŶteƌ ŵoŶths ;e.g. 
AtkiŶsoŶ ϭϵϵϴͿ. Thus, C. pƌopiŶƋuus oǀeƌǁiŶteƌs aĐtiǀelǇ aŶd paƌts of the populatioŶ eǀeŶ staǇ 
Ŷeaƌ the suƌfaĐe duƌiŶg the ǁiŶteƌ ŵoŶths ;e.g. BathŵaŶŶ et al. ϭϵϵϯ, MaƌiŶ aŶd SĐhŶaĐk-
SĐhiel ϭϵϵϯͿ. IŶ ĐoŶtƌast to the diapausiŶg C. acutus, the lipid stoƌes iŶ C. pƌopiŶƋuus ĐoŶsist 
ŵaiŶlǇ of tƌiaĐǇlglǇĐeƌols ;TAGͿ.  
ϭ.Ϯ.ϯ Multi-Ǉear life ĐǇĐle of Rhincalanus gigas 
Life-ĐǇĐle adaptatioŶs of R. gigas appeaƌ to ďe ŵoƌe ǀaƌiaďle aŶd ŵoƌe diffiĐult to iŶteƌpƌet 
thaŶ those of the otheƌ tǁo speĐies. Its geogƌaphiĐ distƌiďutioŶ is ƌatheƌ suď-AŶtaƌĐtiĐ. 
Multiple geŶeƌatioŶs aƌe pƌeseŶt Ǉeaƌ-ƌouŶd, iŶdiĐatiŶg the pƌoďaďilitǇ of a Ϯ-Ǉeaƌ life ĐǇĐle. 
MaiŶ oǀeƌǁiŶteƌiŶg stages aƌe CII, CIII aŶd CIV, ǁhiĐh ĐoŶtiŶue feediŶg, gƌoǁth aŶd ŵoultiŶg 
iŶ the uppeƌ ǁateƌ laǇeƌ uŶtil autuŵŶ ;e.g. AtkiŶsoŶ ϭϵϵϭͿ. HiďeƌŶatioŶ/doƌŵaŶĐǇ is likelǇ, ďut 
pƌoďaďlǇ Ŷot as iŶteŶse as iŶ C. acutus, oƌ highlǇ depeŶdeŶt oŶ the latitude iŶhaďited aŶd the 
loĐal feediŶg ĐoŶditioŶs, ƌespeĐtiǀelǇ ;e.g. AtkiŶsoŶ ϭϵϵϭ, BathŵaŶŶ et al. ϭϵϵϯͿ. MatuƌitǇ iŶ 
spƌiŶg depeŶds oŶ ǁateƌ teŵpeƌatuƌe staƌtiŶg iŶ late Noǀeŵďeƌ/DeĐeŵďeƌ aƌouŶd South 
Geoƌgia aŶd lateƌ iŶ Đoldeƌ ǁateƌs fuƌtheƌ south ;JaŶuaƌǇ iŶ Weddell SeaͿ ;OŵŵaŶŶeǇ ϭϵϯϲͿ. 
Waǆ esteƌs aƌe the pƌiŵaƌǇ lipid stoƌes, as tǇpiĐal foƌ diapausiŶg speĐies ;Lee et al. ϮϬϬϲ, 
KattŶeƌ et al. ϮϬϭϮͿ. But aĐĐoƌdiŶg to feediŶg eǆpeƌiŵeŶts aŶd lipid aŶalǇses, R. gigas does Ŷot 
fit the sĐheŵe of a tǇpiĐal heƌďiǀoƌe, aŶd ƌeseŵďles ŵoƌe aŶ oŵŶiǀoƌe ǁith detƌitus aŶd 
zooplaŶktoŶ as paƌts of its diet ;e.g. AƌashkeǀiĐh ϭϵϳϴ, Gƌaeǀe et al. ϭϵϵϰͿ. 
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 ϭ.ϯ The ƌole of ďuoǇaŶĐǇ ƌegulatioŶ 
ϭ.ϯ The role of ďuoǇaŶĐǇ regulatioŶ 
The phǇsiologǇ of polaƌ zooplaŶktoŶ is geŶeƌallǇ ĐhaƌaĐteƌised ďǇ loǁ oǆǇgeŶ ĐoŶsuŵptioŶ 
aŶd gƌoǁth ƌates Đoŵpaƌed to teŵpeƌate oƌ tƌopiĐal speĐies. Laƌge diffeƌeŶĐes iŶ ŵetaďoliĐ 
ƌates oĐĐuƌ ďetǁeeŶ ďeŶthiĐ aŶd pelagiĐ oƌgaŶisŵs, ofteŶ ƌelated to high ŵetaďoliĐ Đosts foƌ 
ŵaiŶtaiŶiŶg a positioŶ iŶ the ǁateƌ ĐoluŵŶ ;Claƌke aŶd PeĐk ϭϵϵϭͿ. HeŶĐe, eŶeƌgetiĐ effiĐieŶĐǇ 
iŶ staǇiŶg iŶ a ƌelatiǀelǇ staďle depth laǇeƌ oǀeƌ a loŶg peƌiod of tiŵe is of fuŶdaŵeŶtal 
iŵpoƌtaŶĐe aŶd ďuoǇaŶĐǇ ƌegulatioŶ plaǇs a ĐeŶtƌal ƌole foƌ a suĐĐessful iŵpleŵeŶtatioŶ of 
diapause. DiapausiŶg Đopepods aƌe assuŵed to ƌeŵaiŶ ŵotioŶless aŶd ŶeutƌallǇ ďuoǇaŶt 
thƌoughout diapause duƌatioŶ, iŶ oƌdeƌ to aǀoid a depletioŶ of eŶeƌgǇ ƌeseƌǀes foƌ sǁiŵŵiŶg 
aĐtiǀities, ǁhiĐh ŵoƌeoǀeƌ Đould attƌaĐt poteŶtial pƌedatoƌs. Hoǁeǀeƌ, speĐies-speĐifiĐ 
oďseƌǀatioŶs of Ŷeutƌal ďuoǇaŶĐǇ aŶd/oƌ deŶsitǇ deteƌŵiŶatioŶs foƌ AŶtaƌĐtiĐ Đopepods did 
Ŷot eǆist so faƌ. Seǀeƌal studies haǀe foĐused oŶ the deŶsitǇ of ďoƌeal aŶd AƌĐtiĐ Đopepods, 
pƌedoŵiŶaŶtlǇ iŶ ƌelatioŶ to theiƌ lipid ĐoŶteŶt aŶd lipid Đlass ĐoŵpositioŶ ;e.g. Gƌoss aŶd 
RaǇŵoŶt ϭϵϰϮ, Køgeleƌ et al. ϭϵϴϳ, KŶutseŶ et al. ϮϬϬϭͿ aŶd it is ǁidelǇ ďelieǀed that lipids 
plaǇ a ŵajoƌ ƌole iŶ ďuoǇaŶĐǇ ĐoŶtƌol ;Visseƌ aŶd JóŶasdóttiƌ ϭϵϵϵ, Caŵpďell aŶd Doǁeƌ ϮϬϬϯ, 
IƌigoieŶ ϮϬϬϰ, PoŶd aŶd TaƌliŶg ϮϬϭϭ, PoŶd et al. ϮϬϭϮ, PoŶd ϮϬϭϮͿ. Lipids haǀe a speĐifiĐ 
deŶsitǇ loǁeƌ thaŶ seaǁateƌ aŶd iŶflueŶĐe the oǀeƌall deŶsitǇ of aŶ oƌgaŶisŵ. Hoǁeǀeƌ, 
seǀeƌal faĐts speak agaiŶst the eǆĐlusiǀe ƌole of lipids as a ďuoǇaŶĐǇ ĐoŶtƌol. Fiƌst of all, the 
seasoŶal patteƌŶ of lipid aĐĐuŵulatioŶ is out of phase ǁith the tiŵiŶg of ǀeƌtiĐal ŵigƌatioŶ. 
Copepods staƌt to desĐeŶd to oǀeƌǁiŶteƌiŶg depth at the eŶd of suŵŵeƌ, ǁheŶ lipid ĐoŶteŶt is 
at its ŵaǆiŵuŵ, aŶd, heŶĐe, lipid-ƌegulated ďuoǇaŶĐǇ is high. OŶ the otheƌ haŶd, ĐoŶsideƌaďle 
aŵouŶts of lipids aƌe ĐoŶsuŵed duƌiŶg oǀeƌǁiŶteƌiŶg, to fuel the ƌe-staƌt of deǀelopŵeŶt, 
ŵatuƌatioŶ aŶd feƌtilizatioŶ at the eŶd of ǁiŶteƌ ǁheŶ Đopepods aƌe still at depth ;e.g. Milleƌ 
et al. ϭϵϵϭ, SĐhŶaĐk-SĐhiel et al. ϭϵϵϭͿ. Thus, at a tiŵe of ŵiŶiŵuŵ lipid-ƌegulated ďuoǇaŶĐǇ iŶ 
spƌiŶg, Đopepods Ŷeed to asĐeŶd to ƌelease theiƌ eggs at the suƌfaĐe. SeĐoŶdlǇ, ďodǇ lipids of 
Đopepods aƌe geŶeƌallǇ ŵoƌe Đoŵpƌessiďle aŶd haǀe a laƌgeƌ theƌŵal eǆpaŶsioŶ thaŶ the 
suƌƌouŶdiŶg seaǁateƌ ;YaǇaŶos et al. ϭϵϳϴͿ. Theƌefoƌe, puƌe lipid-ƌegulated ďuoǇaŶĐǇ is 
eǆtƌeŵelǇ seŶsitiǀe to the ďioĐheŵiĐal ĐoŵpositioŶ of the iŶdiǀidual Đopepod aŶd highlǇ 
depeŶds oŶ the ƌelatiǀe fƌaĐtioŶs aŶd shifts of lipids, pƌoteiŶs, ĐhitiŶs etĐ. ǁhiĐh ŵakes it 
ƌatheƌ uŶstaďle ;e.g. Caŵpďell aŶd Doǁeƌ ϮϬϬϯͿ. It folloǁs, that the ŵaiŶteŶaŶĐe of aŶ 




eŶeƌgǇ-saǀiŶg state of Ŷeutƌal ďuoǇaŶĐǇ duƌiŶg diapause ƌeƋuiƌes additioŶal ďuoǇaŶĐǇ 
ƌegulatioŶ ŵeĐhaŶisŵs. 
ϭ.ϯ.ϭ BuoǇaŶĐǇ regulatioŶ aŶd poteŶtial ŵetaďoliĐ depressioŶ ďǇ aŵŵoŶiuŵ 
aĐĐuŵulatioŶ 
IŶ a ƌeĐeŶt studǇ, high aŵouŶts of aŵŵoŶiuŵ ioŶs ;NHϰ+Ϳ ǁeƌe deteĐted iŶ the haeŵolǇŵph 
of AŶtaƌĐtiĐ Đopepods C. acutus aŶd R. gigas ;Saƌtoƌis et al. ϮϬϭϬͿ. SuĐh high ĐoŶĐeŶtƌatioŶs 
;≤ϱϬϬ ŵŵol L-ϭͿ aƌe oŶlǇ kŶoǁŶ iŶ a ƌaŶge of ŵaƌiŶe oƌgaŶisŵs that use aŵŵoŶiuŵ-ƌiĐh fluids 
foƌ ďuoǇaŶĐǇ ƌegulatioŶ. These iŶĐlude pelagiĐ deep-ǁateƌ shƌiŵps, Đephalopods aŶd 
phǇtoplaŶktoŶiĐ Đells. TheǇ stoƌe fluids, iŶ ǁhiĐh ioŶs of a higheƌ ŵoleĐulaƌ ǁeight, e.g. Na+, 
MgϮ+ oƌ SOϰϮ-, aƌe ƌeplaĐed ďǇ less deŶse aŵŵoŶiuŵ to ƌeduĐe the oǀeƌall deŶsitǇ, ǁhile still 
ƌeŵaiŶiŶg isoosŵotiĐ ǁith the suƌƌouŶdiŶg seaǁateƌ ;e.g. DeŶtoŶ et al. ϭϵϲϵ, Claƌke et al. 
ϭϵϳϵ, SaŶdeƌs aŶd Childƌess ϭϵϴϴ, BoǇd aŶd GƌadŵaŶŶ ϮϬϬϮͿ. This ŵeĐhaŶisŵ has Ŷeǀeƌ ďeeŶ 
ƌepoƌted foƌ Đopepods ďefoƌe, eǀeŶ though it offeƌs a ƌaŶge of adǀaŶtages iŶ ĐoŵpaƌisoŶ to 
eǆĐlusiǀelǇ lipid-ƌegulated Ŷeutƌal ďuoǇaŶĐǇ. AŵŵoŶiuŵ is a ǁaste pƌoduĐt of the aŵiŶo-
aĐid/pƌoteiŶ Đataďolisŵ aŶd is iŶdepeŶdeŶt fƌoŵ aŵďieŶt pƌessuƌe aŶd ƌapid ĐhaŶges ǁith 
depth, as theǇ oĐĐuƌ duƌiŶg the eǆteŶsiǀe ǀeƌtiĐal ŵigƌatioŶs of diapausiŶg Đopepods. 
Hoǁeǀeƌ, high ĐoŶĐeŶtƌatioŶs of aŵŵoŶia ;i.e. the total of NHϯ aŶd NHϰ+Ϳ, aƌe pƌoďleŵatiĐ as 
theǇ aƌe highlǇ hazaƌdous to ŵost aŶiŵals. IŶ aƋuatiĐ ĐƌustaĐeaŶs, eŶǀiƌoŶŵeŶtal eǆposuƌe to 
aŵŵoŶia is lethal at ƌelatiǀelǇ loǁ doses aŶd ĐoŶĐeŶtƌatioŶs iŶ the haeŵolǇŵph aƌe usuallǇ 
ďeloǁ Ϭ.ϴ ŵŵol L-ϭ ;e.g. WeihƌauĐh et al. ϮϬϬϰͿ. IŶ aƋueous solutioŶ, aŵŵoŶia eǆists as eitheƌ 
ŶoŶ-ioŶiĐ aŵŵoŶia ;NHϯͿ oƌ aŵŵoŶiuŵ ioŶs ;NHϰ+Ϳ iŶ a pH-depeŶdeŶt eƋuiliďƌiuŵ, shiftiŶg 
toǁaƌds NHϯ as pH iŶĐƌeases. NHϯ is the ŵost toǆiĐ foƌŵ as it easilǇ peŶetƌates ďioŵeŵďƌaŶes. 
It folloǁs that a loǁ pH iŶ aŵŵoŶiuŵ- ƌiĐh fluids is ƌeƋuiƌed to ŵiŶiŵise the toǆiĐ effeĐts of 
aŵŵoŶia. Fuƌtheƌŵoƌe, suffiĐieŶt aŵouŶts of aŵŵoŶiuŵ Ŷeed to ďe seƋuesteƌed aŶd stoƌed 
to ĐoŶtƌiďute to Ŷeutƌal ďuoǇaŶĐǇ. HeŶĐe, loǁeƌiŶg the pH iŶ the haeŵolǇŵph keeps 
aŵŵoŶiuŵ aǁaǇ fƌoŵ Đells that pƌoduĐe it aŶd at the saŵe tiŵe ŵiŶiŵise loss ǀia diffusioŶ.  
Loǁ pH ǀalues, hoǁeǀeƌ, haǀe pƌofouŶd effeĐts oŶ ŵetaďoliĐ pƌoĐesses, as ŵost eŶzǇŵe 
aĐtiǀities oƌ Đellulaƌ pathǁaǇs aƌe highlǇ pH-depeŶdeŶt. A dƌop of iŶtƌaĐellulaƌ pH ;pHiͿ is a 
ƌeleǀaŶt faĐtoƌ ƌeduĐiŶg eŶeƌgǇ tuƌŶoǀeƌ aŶd ŵetaďoliĐ ƌates iŶ seǀeƌal iŶǀeƌteďƌates, foƌ 
iŶstaŶĐe the sŶail Oƌeohelix spp. ;Busa aŶd NuĐĐitelli ϭϵϴϰ, Rees aŶd HaŶd ϭϵϵϬͿ. 
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 ϭ.ϯ.ϭ BuoǇaŶĐǇ ƌegulatioŶ aŶd poteŶtial ŵetaďoliĐ depƌessioŶ ďǇ aŵŵoŶiuŵ aĐĐuŵulatioŶ 
Fuƌtheƌŵoƌe, shifts fƌoŵ pHi ϳ.ϵ to ϲ.ϯ iŶduĐed doƌŵaŶĐǇ iŶ the ďƌiŶe shƌiŵp Aƌteŵia ;HaŶd 
aŶd CaƌpeŶteƌ ϭϵϴϲͿ. SuĐh effeĐts, hoǁeǀeƌ, ǁould ďe ďeŶefiĐial foƌ Đopepods iŶ diapause, 
siŶĐe ŵetaďoliĐ depƌessioŶ is esseŶtial to saǀe eŶeƌgǇ duƌiŶg the food-liŵited ǁiŶteƌ peƌiod. 
HeŶĐe, loǁ pH ĐoŶditioŶs ŵight Ŷot oŶlǇ ďe a pƌeĐoŶditioŶ foƌ aŵŵoŶiuŵ aĐĐuŵulatioŶ, ďut 
iŶ additioŶ ĐoŶstitute a poteŶtial sought-afteƌ tƌiggeƌ foƌ the iŶduĐtioŶ of Đopepod doƌŵaŶĐǇ. 
Hoǁeǀeƌ, ŵost studies so faƌ foĐussed oŶ the effeĐts of iŶtƌaĐellulaƌ pƌoĐesses. IŶ ĐoŶtƌast, the 
iŵpaĐts aŶd poteŶtial ďeŶefits of a loǁ eǆtƌaĐellulaƌ pH leadiŶg to a ƌeduĐed aeƌoďiĐ eŶeƌgǇ 






















This studǇ aiŵs to estaďlish Ŷoǀel hǇpotheses aďout the ĐoŶtƌolliŶg faĐtoƌs of doƌŵaŶĐǇ aŶd 
oŶtogeŶetiĐ ǀeƌtiĐal ŵigƌatioŶ iŶ AŶtaƌĐtiĐ Đopepod speĐies ďǇ testiŶg aŶ iŶteƌ-liŶked ƌole of 
aŵŵoŶiuŵ aĐĐuŵulatioŶ foƌ ƌegulatiŶg ďuoǇaŶĐǇ aŶd aŶ assoĐiated pH ƌeduĐtioŶ foƌ 
tƌiggeƌiŶg ŵetaďoliĐ depƌessioŶ duƌiŶg diapause. Neǁ iŶsights iŶto phǇsiologiĐal aŶd 
ďioĐheŵiĐal ĐhaƌaĐteƌistiĐs of doŵiŶaŶt AŶtaƌĐtiĐ Đopepods aƌe pƌoǀided iŶ a ĐoŵpƌeheŶsiǀe 
data set to eǆteŶd pƌeǀious studies oŶ life-ĐǇĐle stƌategies, paƌtiĐulaƌlǇ ǁith ƌaƌe saŵples fƌoŵ 
the ǁiŶteƌ seasoŶ aŶd uŶusuallǇ deep aŶd detailed saŵpliŶg depth iŶteƌǀals. The pƌeseŶt 
studǇ ĐoŶtƌiďutes to a ďetteƌ uŶdeƌstaŶdiŶg of ƌegulatioŶ ŵeĐhaŶisŵs foƌ diapause aŶd 
ďuoǇaŶĐǇ iŶ polaƌ Đopepods aŶd iŶ paƌtiĐulaƌ of the tƌiggeƌiŶg aŶd ĐoŶtƌolliŶg faĐtoƌs of 
ǀeƌtiĐal ŵigƌatioŶ. 
HǇpotheses 
I. DuriŶg diapause, AŶtarĐtiĐ Đopepods Calanoides acutus aĐhieǀe aŶ eŶergǇ-saǀiŶg 
state of Ŷeutral ďuoǇaŶĐǇ  
To date, it has ŵeƌelǇ ďeeŶ assuŵed that AŶtaƌĐtiĐ Đopepods aĐhieǀe Ŷeutƌal ďuoǇaŶĐǇ duƌiŶg 
diapause iŶ oƌdeƌ to aǀoid a depletioŶ of eŶeƌgǇ ƌeseƌǀes otheƌǁise depleted ďǇ sǁiŵŵiŶg 
aĐtiǀities. Hoǁeǀeƌ, Ŷo eǆpeƌiŵeŶtal oďseƌǀatioŶs oƌ deŶsitǇ deteƌŵiŶatioŶs haǀe ďeeŶ 
ĐoŶduĐted so faƌ. WithiŶ the pƌeseŶt thesis, ďuoǇaŶĐǇ of aŶaesthetised iŶdiǀiduals of 
diapausiŶg aŶd ŶoŶ-diapausiŶg speĐies ǁas assessed aŶd Đoŵpaƌed ǀisuallǇ duƌiŶg aŶ 
eǆpeditioŶ iŶ austƌal ǁiŶteƌ ;PuďliĐatioŶ I, Chapteƌ ϭͿ. 
II. AŵŵoŶiuŵ aĐĐuŵulatioŶ aŶd ioŶ replaĐeŵeŶt iŶ the haeŵolǇŵph of diapausiŶg 
Đopepod speĐies ĐoŶtriďute to ďuoǇaŶĐǇ regulatioŶ duriŶg diapause 
RestiŶg aŶd ŶoŶ-ƌestiŶg Đopepod speĐies ǁeƌe Đaught oŶ thƌee diffeƌeŶt eǆpeditioŶs, the 
haeŵolǇŵph ǁas eǆtƌaĐted aŶd ĐatioŶ ĐoŵpositioŶs ǁeƌe ŵeasuƌed ;PuďliĐatioŶ II aŶd III, 
Chapteƌ Ϯ aŶd ϯͿ. The ƌesults suppoƌt the hǇpothesis that diapausiŶg Đopepods ƌegulate theiƌ 
ďuoǇaŶĐǇ ǀia alteƌiŶg theiƌ ioŶiĐ ĐoŵpositioŶ. The ƌeplaĐeŵeŶt of ĐatioŶs ǁith a higheƌ 
ŵoleĐulaƌ ǁeight suĐh as Na+, MgϮ+ aŶd CaϮ+ agaiŶst loǁ deŶsitǇ NHϰ+ deĐƌeases the oǀeƌall 
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 Ϯ OďjeĐtiǀes 
deŶsitǇ of the diapausiŶg Đopepod aŶd suppoƌts Ŷeutƌal ďuoǇaŶĐǇ, ǁhile staǇiŶg isoosŵotiĐ 
ǁith the suƌƌouŶdiŶg seaǁateƌ. 
III. High NHϰ+ ĐoŶĐeŶtratioŶs iŶ the haeŵolǇŵph of diapausiŶg Đopepod speĐies are 
assoĐiated ǁith loǁ pHe ĐoŶditioŶs to aǀoid a diffusiǀe loss aŶd the poteŶtiallǇ 
toǆiĐ effeĐts of NHϯ 
IŶ oƌdeƌ to pƌoǀe that eleǀated leǀels of aŵŵoŶiuŵ iŶ the haeŵolǇŵph of diapausiŶg speĐies 
aƌe assoĐiated ǁith loǁ pHe ĐoŶditioŶs, ƌestiŶg aŶd ŶoŶ-ƌestiŶg Đopepod speĐies ǁeƌe Đaught 
oŶ fouƌ diffeƌeŶt eǆpeditioŶs aŶd the ƌespeĐtiǀe pH of iŶdiǀidual haeŵolǇŵph saŵples ǁas 
ŵeasuƌed ;PuďliĐatioŶ II aŶd III, Chapteƌ Ϯ aŶd ϯͿ. The ƌesults help testiŶg the hǇpothesis of a 
fuŶĐtioŶal liŶk ďetǁeeŶ aŵŵoŶiuŵ aĐĐuŵulatioŶ as a ďuoǇaŶĐǇ ĐoŶtƌol ŵeĐhaŶisŵ aŶd aŶ 
assoĐiated dƌop iŶ pHe, Ŷot oŶlǇ as a pƌeĐoŶditioŶ foƌ aŵŵoŶiuŵ aĐĐuŵulatioŶ, ďut iŶ 
additioŶ as a poteŶtial tƌiggeƌ to ŵediate ŵetaďoliĐ depƌessioŶ duƌiŶg diapause.  
IV. AŵŵoŶiuŵ aĐĐuŵulatioŶ aŶd pH reduĐtioŶ is a seasoŶal pheŶoŵeŶoŶ aŶd ǀaries 
ǁith depth 
If the hǇpothesis of aŵŵoŶiuŵ-aided ďuoǇaŶĐǇ, aŶd at the saŵe tiŵe, pH-iŶduĐed ŵetaďoliĐ 
depƌessioŶ is appliĐaďle, it should ďe a seasoŶal pheŶoŵeŶoŶ ǁith highest aŵŵoŶiuŵ 
ĐoŶĐeŶtƌatioŶs aŶd loǁest pH leǀels iŶ diapausiŶg iŶdiǀiduals at oǀeƌǁiŶteƌiŶg depth, aŶd 
Ŷoƌŵal pH ĐoŶditioŶs aŶd loǁest aŵouŶts of aŵŵoŶiuŵ iŶ aĐtiǀe iŶdiǀiduals fƌoŵ suƌfaĐe 
ǁateƌs iŶ spƌiŶg aŶd suŵŵeƌ. To iŶǀestigate this hǇpothesis, Đopepods of diffeƌeŶt 
deǀelopŵeŶtal stages, saŵpliŶg depths, seasoŶs aŶd heŶĐe, diffeƌeŶt life-ĐǇĐle phases ǁeƌe 
ĐolleĐted aŶd aŶalǇsed, Ŷot oŶlǇ ďased oŶ theiƌ aŵŵoŶiuŵ ĐoŶteŶt aŶd pHe, ďut also ǁith 
ƌegaƌd to otheƌ phǇsiologiĐal aŶd ďioĐheŵiĐal ĐhaƌaĐteƌistiĐs suĐh as lipid stoƌage patteƌŶ, 
ŵetaďoliĐ ƌates aŶd staďle isotope ĐoŵpositioŶ ;PuďliĐatioŶ III, Chapteƌ ϯͿ.  
V. The aĐĐuŵulated aŵŵoŶiuŵ origiŶates either froŵ dietarǇ iŶput duriŶg the 
produĐtiǀe seasoŶ or froŵ proteiŶ Đataďolisŵ duriŶg diapause 
The oƌigiŶ of the aĐĐuŵulated aŵŵoŶiuŵ, as ǁell as its tiŵiŶg aŶd the seƋueŶĐe of the 
assoĐiated pH deĐƌease aƌe esseŶtial foƌ the uŶdeƌstaŶdiŶg of the phǇsiologiĐal ŵeĐhaŶisŵs 




disĐussed ǁith ƌegaƌd to the tiŵiŶg of OVM aŶd phǇsiologiĐal aŶd ďioĐheŵiĐal adaptatioŶs iŶ 
polaƌ Đopepods ;sǇŶoptiĐ disĐussioŶ, Chapteƌ ϰ.ϱͿ. 
VI. IoŶ replaĐeŵeŶt aŶd aĐidiĐ pH ĐoŶditioŶs are priŶĐiple ĐoŶtrolliŶg faĐtors of 
Đopepod diapause also aĐtiŶg iŶ ArĐtiĐ speĐies  
Diapause aŶd ǀeƌtiĐal ŵigƌatioŶ aƌe ĐoŵŵoŶ pheŶoŵeŶa also iŶ seǀeƌal AƌĐtiĐ Đopepod 
speĐies. The ƌesults of this studǇ aƌe Đoŵpaƌed to ƌeĐeŶt iŶǀestigatioŶs ĐoŶĐeƌŶiŶg the 
eǆtƌaĐellulaƌ ĐatioŶ ĐoŵpositioŶ aŶd pH iŶ AƌĐtiĐ diapausiŶg speĐies. PoteŶtial diffeƌeŶĐes aƌe 
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Abstract The herbivorous Antarctic copepod Calanoides
acutus overwinters inactively in a resting stage (diapause)
at depths below 500 m. It is assumed that during diapause
C. acutus is neutrally buoyant in order to retain energy
reserves otherwise depleted by swimming activities.
However, so far, no experimental observations on its
buoyancy have been reported and our knowledge of
buoyancy regulation mechanisms is incomplete. In the
present study, species-speciﬁc differences in buoyancy
were assessed visually. Observations were made of speci-
mens from the diapausing cohort of C. acutus and com-
pared to another herbivorous copepod Calanus propinquus,
which overwinters actively feeding in the upper water
layers. Freshly caught copepods were anaesthetized in a
3-amino-benzoic acid ethyl ester (MS222) in seawater
solution in order to exclude the inﬂuence of swimming
movements on buoyancy control. It was shown that C.
propinquus was negatively buoyant, whereas diapausing C.
acutus remained neutrally buoyant. This is the ﬁrst record
that neutral buoyancy in diapausing copepods is main-
tained by the biochemical body composition without the
additional need of swimming movements.
Keywords Zooplankton  Copepod  Calanoides acutus 
Antarctic  Diapause  Buoyancy  Ammonium
Introduction
The two dominant Antarctic copepod species, Calanoides
acutus and Calanus propinquus, have developed opposing
life-cycle strategies in order to survive periods of food
scarcity in austral winter. They show distinct seasonal,
inter-speciﬁc, and stage-dependent differences in behavior,
physiological condition, and biochemical composition. C.
acutus descends to depths below 500 m and survives the
food-limited winter season by remaining inactive during a
resting stage (diapause) for several months. In contrast, C.
propinquus is a winter-active species, remaining in the
upper 500 m throughout the entire year, and switching to a
more opportunistic diet during winter (e.g., Donnelly et al.
1994; Schnack-Schiel and Hagen 1995; Atkinson 1998).
Both species rely on large lipid deposits as energy reserves
accumulated in the previous productive season, but they
accumulate different lipid classes (Schnack-Schiel et al.
1991; Kattner et al. 1994; Hagen and Auel 2001).
In C. acutus, neutral buoyancy during diapause would
reduce a depletion of energy reserves caused by swimming
activities and, hence, ensure the successful restart of
development and reproduction in the following spring. In
contrast, actively overwintering species are presumably
negatively buoyant and need to swim to counteract sinking
(Haury and Weihs 1976). Until now, these species-speciﬁc
differences in buoyancy have never been observed, neither
under experimental conditions, nor in situ.
The present study aims to clarify whether diapausing
copepods achieve and maintain neutral buoyancy without
the necessity of active swimming.
S. Schru¨nder (&)  H. Auel
BreMarE - Bremen Marine Ecology, Marine Zoology,
University of Bremen, PO Box 330440, 28334 Bremen,
Germany
e-mail: sabines@uni-bremen.de
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Materials and Methods
Copepods were caught on board R/V Polarstern during
expedition ANTXXIX/6 in austral winter at station 500 (68
0.80 S, 6 40.40 W; 2 July 2013; bottom depth 4,799 m) and
507 (66 33.70 S, 27 2.40 W; 17 July 2013; bottom depth
4,880 m) in the Weddell Sea. Hydrographical data were
recorded prior to the zooplankton haul using a Conductivity-
Temperature-Depth (CTD) proﬁler (SBE 911plus). Verti-
cally stratiﬁed samples were collected with a multiple
opening/closing net equipped with ﬁve nets of 100-lmmesh
size from 2,000–1,500, 1,500–1,000, 1,000–500, 500–200,
and 200–0 m depth. Copepods were separated according to
species, sex, and ontogenetic stage and kept in ﬁltered sea-
water in a temperature-controlled refrigerator (0.4 C) prior
to the experiments. C. propinquus copepodite stages CV
were taken from the upper water layer (200–0 m) and for
diapausing C. acutus the main overwintering stages CIV
were chosen from deeper layers (1,500–1,000 m). A grad-
uated measuring cylinder (polymethylpentene, volume 2 l,
external diameter 84 mm, and 531 mmheight) was used as a
settling chamber, ﬁlled with ﬁltered seawater. Due to a
pronounced thermocline in the upper 200 m where C. pro-
pinquus were caught, a mean experimental temperature
representing conditions occurring in both water layers was
chosen according to the CTD proﬁle (0.4 C, salinity 34.4,
and calculated density 1.026 g cm-3). Previous studies may
have suffered frombias by dissection, preservation, freezing,
and rinsing. Therefore, we deliberately avoided any form of
preparation of the copepods before the experiments to
exclude effects on the osmotic or biochemical composition
and, thus, on the overall density of an individual. Copepods
were only anaesthetized in a MS222 in seawater solution to
exclude the inﬂuence of swimming movements. The expo-
sure time to the anesthetic varied depending on the species
(see ‘‘Results’’). A successful anesthetization was deﬁned as
the state in which external stimuli (gentle contact/touch of
the large anterior antennae) did not result in any reaction or
swimming/escape activities. Successfully anesthetized
individuals were gently and separately transferred into the
surface layer of the measuring cylinder using a small pipette.
The behavior in the water column was monitored visually
and sinking speeds were estimated with a stopwatch. The
length of monitoring was adapted to the duration of the
anesthesia. After a certain time in ﬁltered seawater, the
anesthetizing effects subsided and individuals were checked
for their condition.
Results and Conclusions
Copepods were successfully anesthetized at a concentra-
tion of 0.3 g MS222 per liter seawater at 0.4 C. The
exposure times, until narcotic effects were ascertained,
varied between 4 and 5 min for C. acutus and up to 40 min
for C. propinquus. After approximately 30 min in fresh and
ﬁltrated seawater, the narcotic effects of the anesthetic
agent subsided in both species.
Once introduced into the settling chamber, all individ-
uals of anesthetized winter-active C. propinquus started
sinking. The sinking velocities differed due to the orien-
tation of the copepod in the water column. Whereas most
of the individuals sank rapidly (*1 cm s-1) with their
head ﬁrst and legs folded alongside their bodies, some sank
sidewise with one or both ﬁrst antennae slightly spread,
resulting in slower sinking velocities (*0.5 cm s-1). After
a maximum of 1.5 min, all individuals were found on the
bottom of the measuring cylinder. After the narcotic effects
of the anesthetic agent had subsided, all copepods started
swimming again and were found distributed over the entire
water column.
In contrast, all individuals of the anesthetized diapaus-
ing copepod C. acutus reached a point of neutral to positive
buoyancy just after having them transferred to the vessel
and remained ﬂoating in the surface layer, where they were
located irrespective of whether the anesthetic effects had
worn off.
Species-speciﬁc density determinations for Antarctic
copepods do not exist so far, whereas several studies have
focused on the density of boreal or Arctic copepods, pre-
dominantly in relation to their lipid content and lipid class
composition (e.g., Gross and Raymont 1942; Køgeler et al.
1987; Visser and Jo´nasdo´ttir 1999; Knutsen et al. 2001).
Knutsen et al. (2001) critically reviewed density mea-
surements of pelagic copepods and showed that all of these
studies comprise systematic errors. Knutsen et al. (2001)
used an experimental setup and procedure similar to the
present study. Sinking speeds were determined in freshly
caught and anesthetized individuals of diapausing Calanus
finmarchicus, but with one major difference to our study.
Prior to determination of sinking speeds, the large anterior
antennae were removed to avoid an inﬂuence on sinking
velocities. Stokes’ law was applied to calculate their den-
sity, with distinctly lowest densities during winter. How-
ever, the removal of the antennae should be critically
viewed, since leakage of hemolymph may have contributed
substantially to the overall density of the copepod and may
have biased the density determination.
The fact that large proportions of low-density lipids affect
the overall density and, hence, buoyancy regulation in
copepods has been recognized for a long time, and several
authors consider lipids as the main constituent determining
buoyancy and overwintering depth (e.g., Visser and
Jo´nasdo´ttir 1999; Irigoien 2004; Pond and Tarling 2011;
Pond et al. 2012). However, pure lipid-based neutral buoy-
ancy is inherently unstable and difﬁcult to regulate as lipids
1370 Polar Biol (2014) 37:1369–1371
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are more compressible and have a larger thermal expansion
than the surrounding seawater (Yayanos et al. 1978). Large
compositional variability is evident for diapausing copepods
and lipid levelsmay vary between 10 and 35 %of drymass in
overwintering copepodites CV in late winter (Hagen and
Schnack-Schiel 1996). Small changes in lipid content and/or
composition may have tremendous effects on the overall
density of the organism and require additional buoyancy
regulation mechanisms for ﬁne-tuning (Campbell and
Dower 2003; Campbell 2004).
Only recently were highly elevated levels of ammonium
(NH4
?) measured in the hemolymph of diapausing C.
acutus, while concentrations of other cations, particularly
those with a higher molecular weight (i.e., Na?, Mg2?,
Ca2?), were low. In contrast, none of the actively over-
wintering species showed elevated ammonium concentra-
tions and their cation composition approximated that of the
surrounding seawater (Sartoris et al. 2010; Schru¨nder et al.
2013). Ammonium storage provides a potential mechanism
for ﬁne-scale buoyancy regulation. It is a waste product of
protein and amino acid catabolism. Therefore, energetic
costs for the accumulation of ammonium are low compared
to active swimming or the accumulation of lipids.
Ammonium-aided buoyancy is independent of ambient
pressure, and therefore is well suited for the extensive
vertical migration of copepods in autumn, as well as in
assisting in the upward migration to the surface with
reduced lipid levels in the following spring (Schnack-
Schiel et al. 1991; Pasternak et al. 2009).
The present experimental approach suggests that diap-
ausing C. acutus achieve neutral buoyancy through their
biochemical body composition, without the need of
swimming movements. This has a fundamental advantage
as it reduces the depletion of energy reserves during dia-
pause, when copepods do not feed. Moreover, it diminishes
the risk of attracting predators, which otherwise would
respond to swimming activities. To clarify how far neutral
buoyancy can be maintained throughout the entire water
column with varying pressure and densities represents a
challenging task for future investigations.
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SEASONAL TRENDS OF HAEMOLYMPH PH AND CATION 
COMPOSITION OF THE ANTARCTIC COPEPODS  
CALANOIDES ACUTUS, RHINCALANUS GIGAS AND CALANUS 
PROPINQUUS AND THEIR IMPLICATIONS FOR LIFE-CYCLE 
ADAPTATIONS 













suďŵitted foƌ puďliĐatioŶ  
to Deep-Sea ReseaƌĐh Paƌt I, August ϮϬϭϱ 
 ϰϭ 
 
 Chapteƌ ϯ 
Chapteƌ ϯ 
 
SeasoŶal tƌeŶds of haeŵolǇŵph pH aŶd ĐatioŶ ĐoŵpositioŶ of the AŶtaƌĐtiĐ Đopepods 
CalaŶoides aĐutus, RhiŶĐalaŶus gigas aŶd CalaŶus pƌopiŶƋuus  
aŶd theiƌ iŵpliĐatioŶs foƌ life-ĐǇĐle adaptatioŶs 
SaďiŶe SĐhƌüŶdeƌ, FƌaŶz Josef Saƌtoƌis, Sigƌid B. SĐhŶaĐk-SĐhiel, CaƌoliŶ Haueƌ,  
Julia DüƌsĐhlag aŶd Holgeƌ Auel 
AďstƌaĐt 
Heƌďiǀoƌous Đopepod speĐies haǀe deǀeloped speĐifiĐ life-ĐǇĐle stƌategies to Đope ǁith the 
pƌoŶouŶĐed seasoŶalitǇ of pƌiŵaƌǇ pƌoduĐtioŶ iŶ the SoutheƌŶ OĐeaŶ. OŶtogeŶetiĐ ǀeƌtiĐal 
ŵigƌatioŶ ;OVMͿ assoĐiated ǁith a ƌestiŶg stage ;diapauseͿ at gƌeateƌ depth ;>ϱϬϬ ŵͿ is a 
kŶoǁŶ adaptatioŶ to esĐape food sĐaƌĐitǇ duƌiŶg ǁiŶteƌ, although the ĐoŶtƌolliŶg faĐtoƌs 
iŶduĐiŶg aŶd teƌŵiŶatiŶg OVM aŶd diapause aƌe still uŶkŶoǁŶ. This studǇ pƌoǀides a 
ĐoŵpƌeheŶsiǀe data set of seasoŶal aŶd depth ƌelated dǇŶaŵiĐs ǁithiŶ the life-ĐǇĐle 
adaptatioŶs of ƌestiŶg aŶd ŶoŶ-ƌestiŶg AŶtaƌĐtiĐ Đopepod speĐies Calanoides aĐutus, 
RhinĐalanus gigas aŶd Calanus pƌopinƋuus fƌoŵ fouƌ eǆpeditioŶs, ĐoǀeƌiŶg austƌal spƌiŶg, 
suŵŵeƌ, autuŵŶ aŶd ǁiŶteƌ. High ĐoŶĐeŶtƌatioŶs of aŵŵoŶiuŵ ;NHϰ+Ϳ ǁith ŵaǆiŵuŵ ǀalues 
of up to ϱϯϬ ŵŵol L-ϭ iŶ ǁiŶteƌ ǁeƌe fouŶd iŶ diapausiŶg speĐies C. aĐutus aŶd R. gigas aŶd 
ǁeƌe assoĐiated to aĐidiĐ pH ĐoŶditioŶs of pH ≤ ϲ. These fiŶdiŶgs suppoƌt pƌeǀious 
iŶǀestigatioŶs oŶ Ŷoǀel hǇpotheses aďout the ĐoŶtƌolliŶg faĐtoƌs of Đopepod diapause. It is 
assuŵed that the ƌeplaĐeŵeŶt of ioŶs ǁith a higheƌ ŵoleĐulaƌ ǁeight aŶd the aĐĐuŵulatioŶ of 
loǁ deŶsitǇ aŵŵoŶiuŵ ĐoŶtƌiďute to the aĐhieǀeŵeŶt of aŶ eŶeƌgǇ-saǀiŶg state of Ŷeutƌal 
ďuoǇaŶĐǇ. Fuƌtheƌŵoƌe, loǁ pH ĐoŶditioŶs ŵight Ŷot oŶlǇ ďe a pƌeĐoŶditioŶ foƌ aŵŵoŶiuŵ 
aĐĐuŵulatioŶ, ďut iŶ additioŶ tƌiggeƌ doƌŵaŶĐǇ iŶ Đopepods.  
 







IŶ the SoutheƌŶ OĐeaŶ, stƌoŶg seasoŶal ĐhaŶges iŶ solaƌ ƌadiatioŶ, sea-iĐe eǆteŶt aŶd, heŶĐe, 
pƌiŵaƌǇ pƌoduĐtioŶ pƌeseŶt a ĐhalleŶge foƌ heƌďiǀoƌous zooplaŶktoŶ aŶd haǀe shaped 
diffeƌeŶt speĐies' life ĐǇĐles aŶd oǀeƌǁiŶteƌiŶg stƌategies. The thƌee doŵiŶaŶt laƌge AŶtaƌĐtiĐ 
Đopepod speĐies Calanoides aĐutus, RhinĐalanus gigas aŶd Calanus pƌopinƋuus aƌe 
ƌepƌeseŶtatiǀes foƌ diffeƌeŶt life-ĐǇĐle stƌategies aŶd pƌeseŶt speĐies- aŶd stage-speĐifiĐ as 
ǁell as seasoŶal ǀaƌiatioŶs iŶ theiƌ ǀeƌtiĐal aŶd latitudiŶal distƌiďutioŶ ;e. g. VoƌoŶiŶa ϭϵϳϬ, 
MaƌiŶ ϭϵϴϴ, AtkiŶsoŶ ϭϵϵϭ, MaƌiŶ aŶd SĐhŶaĐk-SĐhiel ϭϵϵϯ, AtkiŶsoŶ ϭϵϵϴͿ, the peƌfoƌŵaŶĐe 
of seasoŶal/oŶtogeŶetiĐ ǀeƌtiĐal ŵigƌatioŶs ;OVMͿ ;e.g. BathŵaŶŶ et al. ϭϵϵϯ, AtkiŶsoŶ ϭϵϵϴͿ, 
lipid-ďiosǇŶthesis pathǁaǇs aŶd stoƌage patteƌŶs ;e.g. HageŶ et al. ϭϵϵϯ, KattŶeƌ aŶd HageŶ 
ϭϵϵϱ, Lee at al. ϮϬϬϲ, KattŶeƌ et al. ϮϬϭϮͿ, dietaƌǇ pƌefeƌeŶĐes ;e.g. Dalsgaaƌd et al. ϮϬϬϯͿ aŶd 
ŵetaďoliĐ aĐtiǀities ;Dƌits et al. ϭϵϵϰ, PasteƌŶak aŶd SĐhŶaĐk-SĐhiel ϮϬϬϭͿ. C. aĐutus is a 
seasoŶal ŵigƌaŶt oǀeƌǁiŶteƌiŶg at gƌeateƌ depth as late Đopepodids iŶ a ƌestiŶg stage Đalled 
diapause. While iŶ diapause, ŵetaďoliĐ depƌessioŶ is eǀideŶt fƌoŵ ƌeduĐed ŵetaďoliĐ ƌates 
aŶd sǁiŵŵiŶg aĐtiǀities iŶ oƌdeƌ to aǀoid a depletioŶ of eŶeƌgǇ ƌeseƌǀes. C. pƌopinƋuus 
oǀeƌǁiŶteƌs aĐtiǀelǇ feediŶg iŶ the uppeƌ ǁateƌ laǇeƌs, sǁitĐhiŶg to a ŵoƌe oŵŶiǀoƌous diet 
duƌiŶg ǁiŶteƌ, ǁheƌeas R. gigas has a ŵoƌe fleǆiďle, oŶe- oƌ tǁo Ǉeaƌ life ĐǇĐle ǁith paƌts of its 
populatioŶ eŶteƌiŶg diapause, ǁhile the ƌest ƌeŵaiŶs iŶ the suƌfaĐe laǇeƌ ;AtkiŶsoŶ ϭϵϵϴͿ. 
EǀeŶ though ouƌ kŶoǁledge oŶ life-ĐǇĐle adaptatioŶs of AŶtaƌĐtiĐ Đopepods has ǀastlǇ 
iŵpƌoǀed oǀeƌ the last deĐades, the sigŶals aŶd phǇsiologiĐal ŵeĐhaŶisŵs tƌiggeƌiŶg 
oŶtogeŶetiĐ ǀeƌtiĐal ŵigƌatioŶ aŶd diapause aƌe still faƌ fƌoŵ uŶdeƌstood.  
OŶlǇ ƌeĐeŶtlǇ, Đopepod speĐies ǁeƌe fouŶd to diffeƌ iŶ the ioŶ ĐoŵpositioŶ of theiƌ 
haeŵolǇŵph. High aŵouŶts of aŵŵoŶiuŵ ;NHϰ+Ϳ assoĐiated ǁith loǁ pH ǀalues of ≤ ϲ ǁeƌe 
ŵeasuƌed iŶ the diapausiŶg Đopepods C. aĐutus aŶd R. gigas ;Saƌtoƌis et al. ϮϬϭϬ, SĐhƌüŶdeƌ et 
al. ϮϬϭϯͿ. AdditioŶallǇ, C. aĐutus ŵaiŶtaiŶs Ŷeutƌal ďuoǇaŶĐǇ duƌiŶg austƌal ǁiŶteƌ oŶlǇ ďǇ its 
ďioĐheŵiĐal ĐoŵpositioŶ ǁithout the additioŶal Ŷeed of sǁiŵŵiŶg ŵoǀeŵeŶts ;SĐhƌüŶdeƌ et 
al. ϮϬϭϰͿ. These fiŶdiŶgs pƌoǀide a ďasis foƌ Ŷoǀel hǇpotheses, ǁhiĐh postulate that the 
ƌeplaĐeŵeŶt of heaǀǇ ioŶs ;e.g. Na+, MgϮ+, CaϮ+Ϳ ďǇ aŵŵoŶiuŵ ǁith a loǁeƌ deŶsitǇ ƌeduĐes 
the oǀeƌall deŶsitǇ of the Đopepod aŶd helps ŵaiŶtaiŶiŶg aŶ eŶeƌgǇ saǀiŶg state of Ŷeutƌal 
ďuoǇaŶĐǇ duƌiŶg diapause ;Saƌtoƌis et al. ϮϬϭϬͿ. A loǁ haeŵolǇŵph pH is a pƌeĐoŶditioŶ to 
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ŵaiŶtaiŶ aŶd aĐĐuŵulate aŵŵoŶiuŵ iŶ suffiĐieŶt aŵouŶts iŶ the less toǆiĐ ioŶised foƌŵ NHϰ+. 
SiŶĐe loǁ pH ǀalues aƌe also kŶoǁŶ as a ƌeleǀaŶt faĐtoƌ ƌeduĐiŶg ŵetaďoliĐ ƌate iŶ otheƌ 
ŵaƌiŶe iŶǀeƌteďƌates, theǇ ŵaǇ, iŶ additioŶ, eŶsuƌe ŵetaďoliĐ depƌessioŶ duƌiŶg diapause 
;Saƌtoƌis et al. ϮϬϭϬ, SĐhƌüŶdeƌ et al. ϮϬϭϯͿ. 
Pƌeǀious studies oŶ life-ĐǇĐle adaptatioŶs ǁeƌe ofteŶ ƌestƌiĐted to the suŵŵeƌ ŵoŶths aŶd 
oďseƌǀatioŶs iŶ ŵid-ǁiŶteƌ aƌe ƌaƌe due to logistiĐal ĐoŶstƌaiŶts. This studǇ pƌoǀides a 
ĐoŵpƌeheŶsiǀe data set fƌoŵ fouƌ eǆpeditioŶs, ĐoǀeƌiŶg austƌal spƌiŶg, suŵŵeƌ, autuŵŶ aŶd 
ǁiŶteƌ ;Fig. ϭͿ. Copepods fƌoŵ diffeƌeŶt seasoŶs, deǀelopŵeŶtal stages, saŵpliŶg depths, aŶd 
heŶĐe, diffeƌeŶt life-ĐǇĐle phases ǁeƌe ĐolleĐted aŶd aŶalǇsed ǁith ƌegaƌd to theiƌ eǆtƌaĐellulaƌ 
aŵŵoŶiuŵ ĐoŶteŶt aŶd pH. IŶ additioŶ, phǇsiologiĐal aŶd ďioĐheŵiĐal paƌaŵeteƌ suĐh as 
ŵetaďoliĐ ƌates, lipid stoƌage patteƌŶs aŶd staďle isotope ƌatios ǁeƌe ŵeasuƌed. RespiƌatioŶ 
ƌates ǁeƌe deteƌŵiŶed to pƌoǀide iŶfoƌŵatioŶ oŶ the ŵetaďoliĐ aĐtiǀitǇ of the Đopepods, 
ǁheƌeas the aŶalǇsis of lipids aŶd fattǇ aĐid ĐoŵpositioŶs ǁas used to ideŶtifǇ speĐies-speĐifiĐ 
lipid stoƌage patteƌŶs aŶd seleĐtiǀe ƌeteŶtioŶ aŶd ŵoďilisatioŶ of lipid ĐoŵpoŶeŶts duƌiŶg 
staƌǀatioŶ peƌiods. IŶ additioŶ, soŵe fattǇ aĐids ĐaŶ ďe used as tƌophiĐ ďioŵaƌkeƌs, as theǇ aƌe 
ĐhaƌaĐteƌistiĐ of speĐifiĐ ŵiĐƌoalgae gƌoups aŶd aƌe iŶĐoƌpoƌated laƌgelǇ uŶŵodified iŶto the 
stoƌage lipids ;Dalsgaaƌd et al. ϮϬϬϯͿ. The isotopiĐ ƌatio of ŶitƌogeŶ ;δϭϱN: ϭϱN/ϭϰNͿ is usuallǇ 
iŶdiĐatiǀe foƌ the tƌophiĐ positioŶ of a ĐoŶsuŵeƌ. Due to the seleĐtiǀe ƌeteŶtioŶ of the heaǀieƌ 
ϭϱN isotope iŶ the ďodǇ tissues aŶd the eǆĐƌetioŶ of the lighteƌ ϭϰN isotope, the isotopiĐ 
ĐoŵpositioŶ is tǇpiĐallǇ eŶƌiĐhed iŶ ϭϱN ďǇ ϯ.ϰ ± ϭ.ϭ‰ fƌoŵ oŶe leǀel to the otheƌ ;MiŶagaǁa 
aŶd Wada ϭϵϴϰͿ.  
Theƌe aƌe tǁo ŵaiŶ oďjeĐtiǀes of this studǇ. The fiƌst oďjeĐtiǀe is a seasoŶal ĐoŵpaƌisoŶ of the 
eǆtƌaĐellulaƌ ĐatioŶ ĐoŵpositioŶ aŶd pH to test Ŷoǀel hǇpotheses oŶ phǇsiologiĐal pƌoĐesses, 
iŶ ǁhiĐh diapausiŶg Đopepods ƌegulate theiƌ ďuoǇaŶĐǇ ǀia ĐhaŶges iŶ theiƌ ioŶ ĐoŵpositioŶ, 
ǁhile aŶ assoĐiated pH ƌeduĐtioŶ seƌǀes as a poteŶtial tƌiggeƌ foƌ ŵetaďoliĐ depƌessioŶ. If so, 
aŵŵoŶiuŵ aĐĐuŵulatioŶ aŶd pH ƌeduĐtioŶ should ďe a seasoŶal pheŶoŵeŶoŶ ǁith highest 
aŵŵoŶiuŵ ĐoŶĐeŶtƌatioŶs aŶd loǁest pH leǀels iŶ diapausiŶg iŶdiǀiduals at oǀeƌǁiŶteƌiŶg 
depth duƌiŶg ǁiŶteƌ, aŶd Ŷoƌŵal pH ĐoŶditioŶs aŶd loǁest aŵouŶts of aŵŵoŶiuŵ iŶ aĐtiǀe 
iŶdiǀiduals fƌoŵ the suƌfaĐe ǁateƌs iŶ spƌiŶg aŶd suŵŵeƌ. The seĐoŶd oďjeĐtiǀe is to ĐoŶfiƌŵ 





the life-histoƌǇ ďaĐkgƌouŶds of the iŶǀestigated Đopepods, ďased oŶ suppleŵeŶtaƌǇ data oŶ 
ƌespiƌatioŶ ƌates, lipid ĐoŶteŶt, lipid Đlass aŶd fattǇ aĐid ĐoŵpositioŶ aŶd staďle isotope ƌatios 
fƌoŵ diffeƌeŶt seasoŶs, statioŶs aŶd depth laǇeƌs. 
Ϯ Mateƌial aŶd Methods 
Ϯ.ϭ SaŵpliŶg 
Copepods ǁeƌe saŵpled duƌiŶg fouƌ eǆpeditioŶs oŶďoaƌd RV Polaƌsteƌn iŶ late suŵŵeƌ/eaƌlǇ 
autuŵŶ ;ANT XXVII/ϯ, FeďƌuaƌǇ to Apƌil ϮϬϭϭͿ, late spƌiŶg ;ANT XXVIII/Ϯ, DeĐeŵďeƌ ϮϬϭϭͿ, 
ǁiŶteƌ ;ANT XXIX/ϲ, JuŶe to JulǇ ϮϬϭϯͿ aŶd eaƌlǇ suŵŵeƌ ;ANT XXIX/ϵ, JaŶuaƌǇ to FeďƌuaƌǇ 
ϮϬϭϰ, Fig. ϭͿ.  
 
Figuƌe ϭ. StudǇ aƌea ǁith saŵpliŶg sites. 
)ooplaŶktoŶ saŵples ǁeƌe ĐolleĐted ďǇ stƌatified ǀeƌtiĐal hauls fƌoŵ a ŵaǆiŵuŵ depth of 
ϮϬϬϬ ŵ to the suƌfaĐe usiŶg ŵultiple/opeŶiŶg ĐlosiŶg Ŷets ;MultiŶet Maǆi, ŵouth opeŶiŶg Ϭ.ϱ 
ŵ²; MultiŶet Midi, ŵouth opeŶiŶg Ϭ.Ϯϱ ŵ²; ϭϬϬ µŵ ŵesh size foƌ ďothͿ. AdditioŶal hauls fƌoŵ 
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a ŵaǆiŵuŵ depth of ϯϬϬ ŵ to the suƌfaĐe ǁeƌe ŵade ǁith a BoŶgo Ŷet ;ŵouth opeŶiŶg Ϭ.Ϯϴ 
ŵ², ŵesh size ϭϬϬ μŵͿ aŶd duƌiŶg ANTXXVIII/Ϯ also ǁith a TuĐkeƌ Tƌaǁl ;ŵouth opeŶiŶg Ϯ.Ϯϱ 
ŵ², ŵesh size ϭϱϬϬ μŵͿ. SpeĐiŵeŶs of Calanoides aĐutus, Calanus pƌopinƋuus aŶd RhinĐalanus 
gigas ǁeƌe soƌted fƌoŵ the saŵples aŶd ideŶtified to seǆ aŶd Đopepodite stage ;Đopepodite 
stage ϯ-ϱ: CIII-CV; adult feŵales: FͿ. Foƌ ƌespiƌatioŶ ŵeasuƌeŵeŶts, haeŵolǇŵph eǆtƌaĐtioŶ 
aŶd pH ŵeasuƌeŵeŶts, liǀe iŶdiǀiduals ǁeƌe kept iŶ filteƌed seaǁateƌ iŶ a teŵpeƌatuƌe-
ĐoŶtƌolled ƌefƌigeƌatoƌ oƌ ĐooliŶg ĐoŶtaiŶeƌ at Ϭ°C pƌioƌ to the ŵeasuƌeŵeŶts. Foƌ aŶalǇses of 
dƌǇ ŵass, lipid ĐoŶteŶt aŶd ĐoŵpositioŶ aŶd staďle isotope sigŶatuƌe, speĐiŵeŶs ǁeƌe deep-
fƌozeŶ at -ϴϬ°C.  
Ϯ.Ϯ HaeŵolǇŵph eǆtƌaĐtioŶ aŶd aŶalǇsis 
HaeŵolǇŵph ǁas eǆtƌaĐted ŵaŶuallǇ fƌoŵ iŶdiǀidual liǀe Đopepods usiŶg sŵall glass 
Đapillaƌies ;foƌ fuƌtheƌ details see SĐhƌüŶdeƌ et al. ϮϬϭϯͿ. EaĐh haeŵolǇŵph saŵple ǁas 
diluted iŶ ϰϬ µl of de-ioŶised ǁateƌ aŶd the ĐatioŶ ĐoŵpositioŶ ǁas aŶalǇsed ďǇ ioŶ 
ĐhƌoŵatogƌaphǇ usiŶg a DIONEX ICS ϮϬϬϬ ǁith aŶ IoŶPaĐ CS ϭϲ ĐoluŵŶ aŶd ŵethaŶe sulfoŶiĐ 
aĐid ;MSA, ϯϬ ŵŵol L-ϭͿ as aŶ elueŶt at Ϭ.ϯϲ ŵl ŵiŶ-ϭ floǁ ƌate. IŶoƌgaŶiĐ ioŶs suĐh as NHϰ+, 
Na+, MgϮ+, K+, aŶd CaϮ+ ǁeƌe ideŶtified aĐĐoƌdiŶg to ƌeteŶtioŶ tiŵes iŶ ĐoŵpaƌisoŶ to a ĐatioŶ 
staŶdaƌd of kŶoǁŶ ĐoŵpositioŶ ;DioŶeǆ, Siǆ CatioŶ StaŶdaƌdͿ. CatioŶ ĐoŶĐeŶtƌatioŶs aƌe 
eǆpƌessed as ŵŵol L-ϭ.  
Ϯ.ϯ EǆtƌaĐellulaƌ pH-ŵeasuƌeŵeŶts 
EǆtƌaĐellulaƌ pH ;pHeͿ ǁas ŵeasuƌed iŶ iŶdiǀidual haeŵolǇŵph saŵples of at least ϱϬϬ Ŷl 
diƌeĐtlǇ oŶďoaƌd usiŶg a NaŶoDƌop ϯϯϬϬ fluoƌoŵeteƌ ;Theƌŵo FisĐheƌͿ aŶd a fluoƌesĐeŶt dǇe 
;HPTS, ϴ-HǇdƌoǆǇpǇƌeŶe-ϭ,ϯ,ϲ-tƌisulfoŶiĐ aĐid tƌisodiuŵ salt, ϭŶMͿ as a pH iŶdiĐatoƌ. pH ǁas 
deteƌŵiŶed ďǇ ĐalĐulatiŶg the ƌatios of fluoƌesĐeŶĐe eǆĐitatioŶ at ǁaǀeleŶgths ϯϲϱ aŶd ϰϳϬ Ŷŵ 
iŶ ĐoŵpaƌisoŶ to a ĐaliďƌatioŶ Đuƌǀe ǁith ϱϬ ŵM Iŵidazole ;Sigŵa-AldƌiĐh, SteiŶheiŵ, 
GeƌŵaŶǇͿ ďuffeƌed seaǁateƌ. MeasuƌeŵeŶts ƌesultiŶg iŶ pH uŶits ďeloǁ ϱ.Ϭ oƌ aďoǀe ϴ.ϱ 
should ďe iŶteƌpƌeted ǁith ĐautioŶ due to liŵitatioŶs of the fluoƌesĐeŶt dǇe HPTS. Foƌ a 






Ϯ.ϰ RespiƌatioŶ ŵeasuƌeŵeŶts 
OǆǇgeŶ ĐoŶsuŵptioŶ ǁas ŵeasuƌed ŶoŶ-iŶǀasiǀelǇ ďǇ optode ƌespiƌoŵetƌǇ usiŶg seǀeƌal ϭ-
ĐhaŶŶel Fiďeƌ-OptiĐ OǆǇgeŶ Meteƌs Fiďoǆ ϯ ;PƌeSeŶs, PƌeĐisioŶ SeŶsiŶg GŵďHͿ duƌiŶg 
eǆpeditioŶ ANTXXVII/ϯ aŶd a ϭϬ-ChaŶŶel Fiďeƌ-OptiĐ OǆǇgeŶ Meteƌ ;OXY-ϭϬ, PƌeSeŶs, 
PƌeĐisioŶ SeŶsiŶg GŵďHͿ duƌiŶg eǆpeditioŶs ANTXXVIII/Ϯ aŶd ANTXXIX/ϲ. MeasuƌeŵeŶts ǁeƌe 
ĐoŶduĐted iŶ gas-tight glass ďottles of ϭϯ ŵl ǀoluŵe. The ďottles ǁeƌe filled ǁith oǆǇgeŶated 
aŶd filteƌed seaǁateƌ. DepeŶdiŶg oŶ iŶdiǀidual size, ϭ to ϮϮ iŶdiǀidual Đopepods ǁeƌe 
tƌaŶsfeƌƌed iŶto eaĐh ďottle. OŶe oƌ tǁo aŶiŵal-fƌee ĐoŶtƌols ǁeƌe ŵeasuƌed iŶ eaĐh 
eǆpeƌiŵeŶt to ĐoƌƌeĐt foƌ uŶspeĐifiĐ ŵiĐƌoďial ƌespiƌatioŶ. DuƌiŶg the ŵeasuƌeŵeŶts, all 
ďottles ǁeƌe kept iŶ a ǁateƌ ďath iŶ a daƌk aŶd teŵpeƌatuƌe-ĐoŶtƌolled ƌefƌigeƌatoƌ at Ϭ.ϰ °C. 
The deĐƌease iŶ dissolǀed oǆǇgeŶ ĐoŶĐeŶtƌatioŶ ǁas logged eǀeƌǇ ϭ to ϭϱ seĐ foƌ up to ϭϮ 
houƌs. Data fƌoŵ the fiƌst houƌ of eaĐh eǆpeƌiŵeŶt ǁeƌe eǆĐluded fƌoŵ fuƌtheƌ aŶalǇsis iŶ 
oƌdeƌ to ŵiŶiŵise the effeĐts of haŶdliŶg stƌess at the ďegiŶŶiŶg of the eǆpeƌiŵeŶts. Afteƌ 
eaĐh ŵeasuƌeŵeŶt, iŶdiǀiduals ǁeƌe ĐheĐked foƌ ĐoŶditioŶ aŶd deep-fƌozeŶ at -ϴϬ°C foƌ 
suďseƋueŶt deteƌŵiŶatioŶ of dƌǇ ŵass.  
Ϯ.ϱ DƌǇ ŵass deteƌŵiŶatioŶ aŶd lipid aŶalǇsis 
Foƌ dƌǇ ŵass deteƌŵiŶatioŶ, Đopepods ǁeƌe lǇophilised foƌ ϰϴ h aŶd ǁeighed iŶdiǀiduallǇ usiŶg 
a Saƌtoƌius MiĐƌoďalaŶĐe NCIIϭS ǁith a pƌeĐisioŶ of ± ϭϬ µg. 
Total lipid ĐoŶteŶt ǁas ŵeasuƌed gƌaǀiŵetƌiĐallǇ aĐĐoƌdiŶg to FolĐh et al. ;ϭϵϱϳͿ, ŵodified ďǇ 
HageŶ ;ϮϬϬϬͿ. Saŵples ǁeƌe hoŵogeŶised ǁith a Potteƌ hoŵogeŶizeƌ ;BƌauŶ, Potteƌ SͿ aŶd aŶ 
ultƌasoŶiĐ Đell disƌupteƌ ;BaŶdeliŶ eleĐtƌoŶiĐ, UW ϮϬϳϬͿ. Lipids ǁeƌe eǆtƌaĐted ǁith aŶ oƌgaŶiĐ 
solǀeŶt ;diĐhloƌoŵethaŶe/ŵethaŶol, Ϯ:ϭ ďǇ ǀoluŵeͿ aŶd ǁashed ǁith aƋueous KCl solutioŶ 
;Ϭ.ϴϴ%Ϳ. The eǆtƌaĐts ǁeƌe dƌied uŶdeƌ a stƌeaŵ of ŶitƌogeŶ aŶd ǁeighed.  
Foƌ the aŶalǇsis of the fattǇ aĐid ;FAͿ aŶd fattǇ alĐohol ;FAlĐͿ ĐoŵpositioŶ, suďsaŵples of the 
lipid eǆtƌaĐts ǁeƌe tƌaŶsesteƌified ǁith ϯ% ĐoŶĐeŶtƌated sulphuƌiĐ aĐid iŶ ŵethaŶol at ϴϬ°C foƌ 
ϰ h aĐĐoƌdiŶg to KattŶeƌ aŶd FƌiĐke ;ϭϵϴϲͿ. MeasuƌeŵeŶts ǁeƌe Đaƌƌied out ǁith a gas 
Đhƌoŵatogƌaph ;AgileŶt TeĐhŶologies ϳϴϵϬAͿ eƋuipped ǁith a DB-FFAP ĐoluŵŶ ;ϯϬ ŵ leŶgth, 
Ϭ.Ϯϱ ŵŵ diaŵeteƌͿ aŶd heliuŵ as a Đaƌƌieƌ gas. FattǇ aĐids aŶd fattǇ alĐohols ǁeƌe ideŶtified 
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ďǇ ĐoŵpaƌiŶg theiƌ ƌeteŶtioŶ tiŵes to those of kŶoǁŶ staŶdaƌds ;MeŶhadeŶ fish oil; Ŷatuƌal 
Đopepod staŶdaƌd Calanus hypeƌďoƌeusͿ. Total ǁaǆ esteƌ ;WEͿ ĐoŶteŶt ǁas estiŵated ďased 
oŶ the FAlĐ ĐoŶteŶt assuŵiŶg eƋual ĐaƌďoŶ ĐhaiŶ leŶgths of the FAlĐ aŶd FA ĐoŵpoŶeŶts iŶ the 
WE ŵoleĐules ;KattŶeƌ et al. ϮϬϬϯͿ. Total ǁaǆ esteƌ ĐoŶteŶt is eǆpƌessed as peƌĐeŶtage of total 
lipid ;%TLͿ. 
A pƌiŶĐipal ĐoŵpoŶeŶt aŶalǇsis ;PCA, Pƌiŵeƌ ϲ.ϭ.ϲͿ ǁas ĐoŶduĐted to ideŶtifǇ patteƌŶs iŶ the 
speĐies-speĐifiĐ aŶd/oƌ seasoŶal fattǇ aĐid ĐoŵpositioŶ. Pƌioƌ to aŶalǇsis, data ǁeƌe aƌĐsiŶ-
sƋuaƌe-ƌoot tƌaŶsfoƌŵed to ĐoŵpeŶsate foƌ ŶoŶ-hoŵogeŶous ǀaƌiaŶĐe of peƌĐeŶtage ǀalues 
;OsďoƌŶe ϮϬϬϮͿ. FattǇ aĐid ĐoŵpositioŶs ǁeƌe aŶalǇsed folloǁiŶg the tƌophiĐ ďioŵaƌkeƌ 
ĐoŶĐept aĐĐoƌdiŶg to Dalsgaaƌd et al. ;ϮϬϬϯͿ, ǁith ϭϲ:ϭ;Ŷ-ϳͿ, ϭϲ:ϰ;Ŷ-ϭͿ, ϭϴ:ϭ;Ŷ-ϳͿ aŶd ϮϬ:ϱ;Ŷ-ϯͿ 
ďeiŶg tƌaĐeƌs foƌ a pƌiŶĐipal diatoŵ-ďased diet, ϭϴ:ϰ;Ŷ-ϯͿ aŶd ϮϮ:ϲ;Ŷ-ϯͿ as flagellate ŵaƌkeƌs, 
ϮϬ:ϭ;Ŷ-ϵͿ, ϮϮ:ϭ;Ŷ-ϭϭͿ aŶd ϮϮ:ϭ;Ŷ-ϵͿ ďeiŶg ĐalaŶid ŵaƌkeƌs aŶd ϭϲ:Ϭ, ϮϬ:ϱ;Ŷ-ϯͿ aŶd ϮϮ:ϲ;Ŷ-ϯͿ as 
pƌiŶĐipal ĐoŵpoŶeŶts of ďioŵeŵďƌaŶes ;Dalsgaaƌd et al. ϮϬϬϯ, KellǇ aŶd SĐheiďliŶg ϮϬϭϮͿ.  
Ϯ.ϲ Staďle isotope aŶalǇsis 
Deep-fƌozeŶ Đopepods ǁeƌe lǇophilised foƌ ϰϴ h, ǁeighed aŶd tƌaŶsfeƌƌed iŶto tiŶ Đapsules. 
Staďle isotope aŶalǇses of ŶitƌogeŶ ;δϭϱNͿ ǁeƌe Đaƌƌied out at TÜV RheiŶlaŶd Agƌoisolaď GŵďH 
;JüliĐh, GeƌŵaŶǇͿ ďǇ ŵass speĐtƌoŵetƌǇ ;Caƌlo Eƌďa IŶstƌuŵeŶts, EA NAϭϱϬϬ Seƌies ϮͿ ǁith 
staŶdaƌd AIR ;atŵospheƌiĐ aiƌ; IAEA-Nϭ, VieŶŶaͿ as ƌefeƌeŶĐe aŶd heliuŵ as a Đaƌƌieƌ gas. 
IsotopiĐ ƌatios aƌe ĐalĐulated afteƌ Hoduŵ aŶd HoďsoŶ ;ϮϬϬϬͿ. 
ϯ Results 
ϯ.ϭ HaeŵolǇŵph pH aŶd ĐatioŶ ĐoŵpositioŶ 
IŶ the haeŵolǇŵph of diapausiŶg C. aĐutus aŶd R. gigas, ŵeaŶ pHe ǁas sigŶifiĐaŶtlǇ loǁeƌ 
thaŶ iŶ aĐtiǀelǇ oǀeƌǁiŶteƌiŶg C. pƌopinƋuus ;ANOVA, p<Ϭ.ϬϬϬϭͿ iŶ all deǀelopŵeŶtal stages 
aŶd ŵoŶths ;Taďle ϭ, Fig. ϮͿ. IŶ the tƌue diapausiŶg speĐies C. aĐutus, the loǁest pHe ǁas 













Figuƌe Ϯ. HaeŵolǇŵph pH of Calanus pƌopinƋuus, Calanoides aĐutus aŶd RhinĐalanus gigas iŶ diffeƌeŶt 
seasoŶs, the pƌeseŶt data ;ďlaĐk dotsͿ ĐoŵpleŵeŶt puďlished data ;gƌeǇ dotsͿ ďǇ SĐhƌüŶdeƌ et al. ;ϮϬϭϯͿ. 
MeaŶ ǀalues ± staŶdaƌd deǀiatioŶ, Ŷuŵďeƌ of ƌepliĐates as iŶ Taďle ϭ. 
 
Figuƌe ϯ. RelatioŶship ďetǁeeŶ pH aŶd ĐoŶĐeŶtƌatioŶ of aŵŵoŶiuŵ ;NHϰ+, ŵŵol L-ϭͿ iŶ the haeŵolǇŵph 
of RhinĐalanus gigas iŶ austƌal ǁiŶteƌ ;stage CIV Ǉ=-ϭϲϮǆ+ϭϯϱϱ, R²=Ϭ.ϯ, p=Ϭ.ϬϬϱ; CV Ǉ=-ϮϭϬǆ+ϭϲϱϭ, R²=Ϭ.ϲ, 
p=Ϭ.ϰϰϮ; feŵales Ǉ=-ϭϴϲǆ+ϭϰϵϮ, R²=Ϭ.ϳ, p<Ϭ.ϬϬϭͿ. 
Hoǁeǀeƌ, iŶ all thƌee speĐies, ŵeaŶ haeŵolǇŵph pH ǀalues ƌeŵaiŶed faiƌlǇ ĐoŶstaŶt 
thƌoughout the Ǉeaƌ, ǀaƌǇiŶg ďetǁeeŶ ϳ.ϳ to ϴ.Ϭ iŶ C. pƌopinƋuus, ϱ.ϲ to ϲ.ϭ iŶ C. aĐutus aŶd 
ϲ.Ϯ to ϲ.ϳ iŶ R. gigas. SeasoŶal, as ǁell as depth-ƌelated diffeƌeŶĐes ǁeƌe Ŷot sigŶifiĐaŶt. IŶ 
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ǁiŶteƌ-aĐtiǀe C. pƌopinƋuus, aŵŵoŶiuŵ ĐoŶĐeŶtƌatioŶs ǁeƌe loǁ iŶ all deǀelopŵeŶtal stages 
aŶd duƌiŶg all saŵpliŶg ŵoŶths, ǁith a ŵaǆiŵuŵ of ϲϮ ŵŵol L-ϭ iŶ adult feŵales iŶ ǁiŶteƌ 
;Taďle ϭͿ. IŶ C. aĐutus aŶd R. gigas ďǇ ĐoŶtƌast, aŵŵoŶiuŵ ĐoŶĐeŶtƌatioŶs ǁeƌe alǁaǇs 
sigŶifiĐaŶtlǇ higheƌ thƌoughout the Ǉeaƌ aŶd iŶ all deǀelopŵeŶtal stages ;ANOVA, p<Ϭ.ϬϬϬϭͿ. 
AĐĐoƌdiŶglǇ, ĐoŶĐeŶtƌatioŶs of the otheƌ ĐatioŶs, iŶ paƌtiĐulaƌ of sodiuŵ, ǁeƌe ƌeduĐed  
;Taďle ϭͿ. IŶ the diapausiŶg speĐies C. aĐutus, aŵŵoŶiuŵ ĐoŶĐeŶtƌatioŶs ǁeƌe geŶeƌallǇ 
highest iŶ oǀeƌǁiŶteƌiŶg stages CIV duƌiŶg austƌal ǁiŶteƌ ǁith a ŵeaŶ ĐoŶĐeŶtƌatioŶ of  
ϰϭϱ ± ϵϵ ŵŵol L-ϭ aŶd aŶ iŶdiǀidual ŵaǆiŵuŵ of ϱϯϬ ŵŵol L-ϭ, although seasoŶal aŶd depth-
ƌelated tƌeŶds ǁeƌe Ŷot sigŶifiĐaŶt ;Taďle ϭͿ. IŶ RhinĐalanus gigas, the aŵŵoŶiuŵ ĐoŶteŶt ǁas 
sigŶifiĐaŶtlǇ affeĐted ďǇ aĐiditǇ aŶd iŶĐƌeased ǁith loǁeƌ pH ǀalues. The ĐoƌƌelatioŶ ǁas ŵost 
pƌoŶouŶĐed iŶ adult feŵales ;Ǉ=-ϭϴϲǆ+ϭϰϵϮ, R²=Ϭ.ϳͿ, folloǁed ďǇ CV ;Ǉ=-ϮϭϬǆ+ϭϲϱϭ, R²=Ϭ.ϲͿ 





Taďle ϭ. pH aŶd ĐatioŶ ĐoŵpositioŶ ;ŵŵol L -ϭͿ iŶ the haeŵolyŵph of Calanus pƌopinƋuus, Calanoides acutus aŶd Rhincalanus gigas ;ŵeaŶ values ± s.d., raŶge iŶ 
















C. pƌopinƋuus CV 
WiŶter  
ϳ.ϵ ± Ϭ.ϰ ;ϳ.Ϯ - ϴ.ϰͿ 
ϭϮ 
ϱϬϬ ± ϭϯ ;ϰϳϯ - ϱϮϲͿ 
ϭϳ ± ϭϮ ;ϰ - ϱϰͿ 
ϭϰ ± ϱ ;ϱ - ϮϳͿ 
ϭϮ ± ϭϮ ;ϭ - ϰϲͿ 
ϴ ± ϭ ;ϱ - ϭϬͿ 
Ϯϲ 
Suŵŵer 








C. pƌopinƋuus F 
WiŶter 
ϴ.Ϭ ± Ϭ.Ϯ ;ϳ.ϵ - ϴ.ϭͿ 
ϯ 
ϰϵϮ ± ϮϬ ;ϰϲϰ - ϱϭϰͿ 
ϯϰ ± ϭϳ ;ϭϳ - ϲϮͿ 
ϭϮ ± ϰ ;ϳ - ϭϵͿ 
ϲ ± ϲ ;Ϯ - ϭϰͿ 
ϳ ± ϭ ;ϱ - ϴͿ 
ϲ 
Suŵŵer 












ϭϰϮ ± ϭϮϭ ;ϱϭ - ϯϱϬͿ 
ϯϵϳ ± ϭϮϯ ;ϭϴϴ - ϰϵϱͿ 
ϱ ± ϯ ;Ϯ - ϴͿ 
ϱ ± ϱ ;ϭ - ϭϬͿ 
Ϯ ± ϭ ;ϭ - ϯͿ 
ϱ 
C. acutus CIV 
WiŶter 
ϲ.ϭ ± Ϭ.ϱ ;ϰ.ϵ - ϳ.ϲͿ 
ϴϲ 
ϭϭϳ ± ϵϬ ;ϭϲ - ϰϱϯͿ 
ϰϭϱ ± ϵϵ ;ϰϭ - ϱϯϬͿ 
ϵ ± ϱ ;Ϯ - ϮϯͿ 
ϳ ± ϴ ;ϭ - ϰϭͿ 
Ϯ ± Ϯ ;ϭ - ϵͿ 
ϭϮϯ 
C. acutus CV 
WiŶter 
ϱ.ϴ ± Ϭ.ϲ ;ϰ.ϰ - ϳ.ϱͿ 
ϭϬϯ 
Ϯϭϲ ± ϭϯϲ ;ϭϴ - ϱϮϬͿ 
ϯϬϯ ± ϭϰϳ ;ϴ - ϱϮϱͿ 
ϭϱ ± ϲ ;ϯ - ϯϮͿ 
ϭϮ ± ϭϬ ;ϭ - ϰϵͿ 
ϰ ± ϯ ;ϭ - ϭϯͿ 
ϭϯϬ 
Suŵŵer 








C. acutus F 
WiŶter 
ϱ.ϲ ± Ϭ.ϳ ;ϰ.Ϯ - ϳ.ϲͿ 
ϳϵ 
ϮϬϳ ± ϭϭϴ ;ϯϳ - ϱϮϬͿ  
ϯϭϲ ± ϭϮϲ ;ϭϳ - ϱϬϱͿ 
ϭϮ ± ϳ ;Ϯ - ϯϭͿ 
ϭϭ ± ϵ ;ϭ - ϰϭͿ 
ϯ ± Ϯ ;ϭ - ϵͿ 
ϳϵ 
Suŵŵer 












Ϯϳϯ ± ϭϯϱ ;ϭϱϮ - ϰϴϬͿ 
Ϯϰϲ ± ϭϱϲ ;ϳ - ϯϴϲͿ 
ϲ ± Ϯ ;ϰ - ϵͿ 
ϮϬ ± ϭϲ ;ϱ - ϰϰͿ 
ϱ ± ϯ ;ϯ - ϭϭͿ 
ϳ 
R. gigas CIV 
WiŶter 
ϲ.ϳ ± Ϭ.ϱ ;ϱ.ϵ - ϴ.ϭͿ 
Ϯϰ 
Ϯϯϳ ± ϭϭϬ ;ϵϵ - ϰϱϵͿ 
Ϯϴϴ ± ϭϮϬ ;ϯϯ - ϰϯϴͿ 
ϵ ± ϳ ;Ϯ - ϯϮͿ 
ϭϭ ± ϵ ;Ϯ - ϰϭͿ 
ϱ ± ϯ ;Ϯ - ϭϭͿ 
Ϯϲ 
R. gigas CV 
WiŶter 
ϲ.ϯ ± Ϭ.ϰ ;ϱ.Ϯ - ϳ.ϱͿ 
Ϯϲ 
ϭϳϭ ± ϭϬϰ ;ϱϭ - ϰϳϳͿ 
ϯϱϲ ± ϭϭϲ ;ϭϴ - ϰϵϬͿ 
ϭϭ ± ϲ ;ϰ - ϯϮͿ 
ϵ ± ϵ ;Ϯ - ϯϱͿ 











R. gigas F 
WiŶter 
ϲ.Ϯ ± Ϭ.ϳ ;ϰ.ϴ - ϴ.ϮͿ 
ϯϱ 
ϭϳϳ ± ϭϱϬ ;Ϯϳ - ϰϴϵͿ 
ϯϱϭ ± ϭϲϳ ;ϭϬ - ϱϭϯͿ 
ϳ ± ϯ ;Ϯ - ϭϱͿ 
ϭϮ ± ϭϰ ;ϭ - ϰϳͿ 
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ϯ.Ϯ RespiratioŶ rates 
Mass-speĐifiĐ oǆǇgeŶ ĐoŶsuŵptioŶ ƌates ǁeƌe geŶeƌallǇ higheƌ iŶ sŵalleƌ Đopepodite stages, 
ǁith a ŵaǆiŵuŵ of ϴϭ±Ϯϱ µŵol OϮ h-ϭ g DM-ϭ iŶ aĐtiǀe oǀeƌǁiŶteƌiŶg C. pƌopiŶƋuus CIV fƌoŵ 
the suƌfaĐe laǇeƌ ;ϮϬϬ-ϬŵͿ. Oǀeƌall, highest ǀaƌiatioŶ of ƌespiƌatioŶ ƌates oĐĐuƌƌed duƌiŶg 
ǁiŶteƌ at the suƌfaĐe, ƌaŶgiŶg fƌoŵ Ϯϯ to ϭϭϮ µŵol OϮ h-ϭ g DM-ϭ iŶ aĐtiǀelǇ oǀeƌǁiŶteƌiŶg C. 
pƌopiŶƋuus CIV aŶd fƌoŵ ϳ to ϲϰ µŵol OϮ h-ϭ g DM-ϭ iŶ R. gigas CIV ;Fig. ϰͿ. 
IŶ the diapausiŶg speĐies C. aĐutus, oǆǇgeŶ ĐoŶsuŵptioŶ ĐoŶsideƌaďlǇ deĐƌeased ǁith depth iŶ 
autuŵŶ, ƌaŶgiŶg fƌoŵ ϯϮ.ϰ±Ϯ.ϴ µŵol OϮ h-ϭ g DM-ϭ iŶ the uppeƌ ϱϬ ŵ to ϳ.ϱ±ϭ.Ϭ µŵol OϮ h-ϭ g 
DM-ϭ at ϭϱϬϬ-ϭϬϬϬ ŵ iŶ CV aŶd fƌoŵ Ϯϵ.ϳ±ϵ.ϯ ;ϯϬϬ-Ϭ ŵͿ to ϭϭ.Ϭ µŵol OϮ h-ϭ g DM-ϭ ;ϭϰϬϬ-
ϭϬϬϬ ŵͿ iŶ CIV. IŶ ǁiŶteƌ, ƌespiƌatioŶ ǁas geŶeƌallǇ loǁ thƌoughout the ǁateƌ ĐoluŵŶ aŶd did 
Ŷot eǆĐeed ϯϬ µŵol OϮ h-ϭ g DM-ϭ, ǁheƌeas duƌiŶg spƌiŶg, ƌates of up to ϳϬ µŵol OϮ h-ϭ g DM-ϭ 
ǁeƌe ŵeasuƌed iŶ feŵales fƌoŵ the suƌfaĐe laǇeƌ ;Fig. ϰͿ.  
 
Figure ϰ. RespiƌatioŶ ƌates ;µŵol OϮ gDM-ϭ h-ϭͿ of CalaŶoides aĐutus, RhiŶĐalaŶus gigas aŶd CalaŶus 






ϯ.ϯ DrǇ ŵass aŶd total lipid ĐoŶteŶt 
IŶ all thƌee speĐies, lipid ŵass ;LM, ŵg iŶd.-ϭͿ ǁas positiǀelǇ Đoƌƌelated to ďodǇ dƌǇ ŵass ;DM, 
ŵg iŶd.-ϭͿ, eǆĐept foƌ C. pƌopiŶƋuus iŶ spƌiŶg ;spƌiŶg: C. aĐutus Ǉ=ϮϮϭǆ+ϭ.ϱϮ, Rϸ=Ϭ.ϱϲ, R. gigas 
Ǉ=ϲϲϵǆ+ϭ.ϵϳ, RϹ=Ϭ.ϳϲ; suŵŵeƌ: C. aĐutus Ǉ=ϯϬϮǆ+ϭ.ϰϯ, Rϸ=Ϭ.ϴϳ, C. pƌopiŶƋuus Ǉ=ϯϯϮǆ+Ϯ.ϴϳ, 
Rϸ=Ϭ.ϲϬ; autuŵŶ: C. aĐutus Ǉ=ϭϴϱǆ+ϭ.ϳϰ, Rϸ=Ϭ.ϵϯ, R. gigas Ǉ=ϲϱϲǆ+Ϯ.ϬϮ, Rϸ=Ϭ.ϴϵ,  
C. pƌopiŶƋuus Ǉ=ϰϭϭǆ+ϭ.ϱϳ, Rϸ=Ϭ.ϵϲ; ǁiŶteƌ: C. aĐutus Ǉ=ϭϭϭǆ+Ϯ.ϭϴ, Rϸ=Ϭ.ϲϲ, R. gigas 
Ǉ=ϯϵϭǆ+ϯ.ϯϱ, Rϸ=Ϭ.ϱϲ, C. pƌopiŶƋuus Ǉ=ϯϭϳǆ+Ϯ.ϭϬ, Rϸ= Ϭ.ϳϵͿ. DƌǇ ŵasses geŶeƌallǇ iŶĐƌeased 
fƌoŵ spƌiŶg toǁaƌds suŵŵeƌ, ƌeaĐhed highest ǀalues iŶ iŶdiǀiduals fƌoŵ deepeƌ ǁateƌ laǇeƌs 
;>ϯϬϬ ŵͿ fƌoŵ FeďƌuaƌǇ to Apƌil aŶd deĐƌeased agaiŶ toǁaƌds ǁiŶteƌ ;Fig. ϱͿ.  
Total lipid ĐoŶteŶt ;TL, %DMͿ aĐĐouŶted foƌ a ŵiŶiŵuŵ of ϱ%DM iŶ RhiŶĐalaŶus gigas duƌiŶg 
ǁiŶteƌ to a ŵaǆiŵuŵ of ϲϭ%DM iŶ CalaŶoides aĐutus duƌiŶg eaƌlǇ suŵŵeƌ ;JaŶuaƌǇ, Fig. ϱͿ. IŶ 
diapausiŶg speĐies C. aĐutus, lipid leǀels ǁeƌe sigŶifiĐaŶtlǇ Đoƌƌelated to depth of oĐĐuƌƌeŶĐe 
aŶd iŶĐƌeased ǁith iŶĐƌeasiŶg depth iŶ feŵales iŶ eaƌlǇ suŵŵeƌ ;JaŶuaƌǇͿ  
;Ǉ = ϭϳǆ - ϭϱϬ, Rϸ = Ϭ.ϯϬ, p<Ϭ.ϬϭͿ aŶd CIV aŶd CV duƌiŶg autuŵŶ ;CIV: Ǉ = ϮϬǆ - ϭϴϱ, Rϸ=Ϭ.ϳϳ, 
p<Ϭ.Ϭϭ; CV: Ǉ = ϯϱǆ - ϲϰϴ, Rϸ=Ϭ.ϲϳ, p<Ϭ.ϬϭͿ. IŶ R. gigas, total lipid ĐoŶteŶt ǁas geŶeƌallǇ loǁeƌ 
thaŶ iŶ the otheƌ tǁo speĐies, ƌaŶgiŶg fƌoŵ ϱ% iŶ ǁiŶteƌ to ϰϲ% iŶ spƌiŶg ;Fig. ϱͿ. IŶ  
C. pƌopiŶƋuus CV fƌoŵ gƌeateƌ depths, total lipid ĐoŶteŶt ĐleaƌlǇ iŶĐƌeased fƌoŵ DeĐeŵďeƌ to 
MaƌĐh/Apƌil aŶd deĐƌeased toǁaƌds ǁiŶteƌ. IŶ feŵales fƌoŵ the suƌfaĐe laǇeƌs, lipid ĐoŶteŶt 
gƌaduallǇ iŶĐƌeased fƌoŵ spƌiŶg toǁaƌds the eŶd of suŵŵeƌ ;MaƌĐh/ApƌilͿ aŶd at gƌeateƌ 



















































































































ϯ.ϰ Lipid Đlass ĐoŵpositioŶ, waǆ ester ĐoŶteŶt, fattǇ aĐid aŶd fattǇ alĐohol ĐoŵpositioŶ 
The laƌgest diffeƌeŶĐes ďetǁeeŶ the thƌee speĐies ǁeƌe the aĐĐuŵulatioŶ of diffeƌeŶt lipid 
Đlasses, folloǁed ďǇ speĐies-speĐifiĐ as ǁell as stage-depeŶdeŶt aŶd seasoŶal ǀaƌiatioŶs iŶ 
total lipid ĐoŶteŶt aŶd iŶ the fattǇ aĐid/fattǇ alĐohol ĐoŵpositioŶ ;Taďle ϮͿ.  
Both iŶaĐtiǀelǇ oǀeƌǁiŶteƌiŶg speĐies C. aĐutus aŶd R. gigas aĐĐuŵulated ǀeƌǇ high aŵouŶts of 
ǁaǆ esteƌs ǁith up to ϴϱ% of total lipid iŶ C. aĐutus aŶd ϴϰ%TL iŶ R. gigas. IŶ ĐoŶtƌast, Ŷo ǁaǆ 
esteƌs ǁeƌe fouŶd iŶ aĐtiǀelǇ oǀeƌǁiŶteƌiŶg C. pƌopiŶƋuus. 
The fattǇ aĐid ĐoŵpositioŶ of the diapausiŶg speĐies C. aĐutus aŶd R. gigas ǁeƌe geŶeƌallǇ 
doŵiŶated ďǇ the polǇuŶsatuƌated fattǇ aĐid ϮϬ:ϱ;Ŷ-ϯͿ. IŶ C. aĐutus, eleǀated aŵouŶts of ǀeƌǇ 
loŶg-ĐhaiŶ ĐalaŶid ŵaƌkeƌs ϮϬ:ϭ;Ŷ-ϵͿ, ϮϮ:ϭ;Ŷ-ϭϭͿ aŶd ϮϮ:ϭ;Ŷ-ϵͿ ǁeƌe fouŶd. IŶ ĐoŶtƌast suĐh 
loŶg-ĐhaiŶ ŵoieties ǁeƌe ŶeaƌlǇ aďseŶt iŶ R. gigas ;Taďle ϮͿ. IŶ C. pƌopiŶƋuus oǀeƌall ŵaǇoƌ 
fattǇ aĐids ǁeƌe iŶ deĐƌeasiŶg oƌdeƌ ϭϲ:Ϭ, ϮϮ:ϭ;Ŷ-ϵͿ, ϮϬ:ϱ;Ŷ-ϯͿ, ϮϮ:ϭ;Ŷ-ϭϭͿ, aŶd ϮϮ:ϲ;Ŷ-ϯͿ aŶd 
oǀeƌall ŵost pƌoŶouŶĐed seasoŶal diffeƌeŶĐes iŶ fattǇ aĐid ĐoŵpositioŶ ǁeƌe fouŶd iŶ adult 
feŵales. Heƌe, saŵples fƌoŵ the suƌfaĐe iŶ spƌiŶg ĐleaƌlǇ diffeƌed fƌoŵ the otheƌ saŵples, 
haǀiŶg seǀeƌelǇ ƌeduĐed leǀels of ĐalaŶid ŵaƌkeƌs ϮϮ:ϭ;Ŷ-ϭϭͿ aŶd ϮϮ:ϭ;Ŷ-ϵͿ, aŶd iŶ tuƌŶ eǆtƌa 
oƌdiŶaƌǇ high peƌĐeŶtages of phospholipids ϮϮ:ϲ;Ŷ-ϯͿ, ϮϬ:ϱ;Ŷ-ϯͿ aŶd ϭϲ:Ϭ ;Taďle ϮͿ.   
A PCA ǁas ĐoŶduĐted to Đoŵpaƌe the saŵples of all speĐies aŶd Đƌuises ǁith ƌegaƌd to fattǇ 
aĐid ĐoŵpositioŶ aŶd the fiƌst tǁo pƌiŶĐipal ĐoŵpoŶeŶts aƌe shoǁŶ iŶ Fig. ϲ. PCϭ eǆplaiŶs 
ϰϳ.ϳ% aŶd PCϮ Ϯϲ.ϵ% of the total ǀaƌiaŶĐe of FA ĐoŵpositioŶal data. PCϭ ǁas ĐhaƌaĐteƌized ďǇ 
Ŷegatiǀe loadiŶgs of ĐalaŶid ŵaƌkeƌs ϮϬ:ϭ;Ŷ-ϵͿ, ϮϮ:ϭ;Ŷ-ϭϭͿ, ϮϮ:ϭ;Ŷ-ϵͿ aŶd ϭϲ:Ϭ, aŶd positiǀe 
loadiŶgs foƌ all ƌeŵaiŶiŶg fattǇ aĐids ĐoŶtƌiďutiŶg less thaŶ Ϯ% to total fattǇ aĐids. All saŵples 
ǁeƌe gƌouped iŶ thƌee ǁell defiŶed speĐies-speĐifiĐ Đlusteƌs aĐĐoƌdiŶg to the fattǇ aĐid 
pƌofiles. EspeĐiallǇ RhiŶĐalaŶus gigas ǁas tightlǇ gƌouped togetheƌ, ǁheƌeas iŶ C. pƌopiŶƋuus 
thƌee feŵale saŵples fƌoŵ the suƌfaĐe laǇeƌs iŶ spƌiŶg aŶd a deep-ǁateƌ saŵple of C. aĐutus 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 Chapteƌ ϯ 
 
Figure ϲ. PƌiŶĐipal ĐoŵpoŶeŶt aŶalǇsis ;PCAͿ of the fattǇ aĐid ĐoŵpositioŶ of CalaŶoides aĐutus, 
RhiŶĐalaŶus gigas aŶd CalaŶus pƌopiŶƋuus ;data ǁeƌe aƌĐsiŶe sƋuaƌe-ƌoot tƌaŶsfoƌŵed, fattǇ aĐids 
ĐoŶtƌiďutiŶg <Ϯ% to total fattǇ aĐids, aŶd fattǇ alĐohols aƌe eǆĐludedͿ. 
ϯ.ϱ Staďle Isotopes 
IsotopiĐ ƌatios of δϭϱN ǁeƌe ŶegatiǀelǇ Đoƌƌelated ǁith saŵpliŶg depth iŶ all stages of C. aĐutus 
iŶ autuŵŶ, iŶ Đopepodids CIV iŶ ǁiŶteƌ aŶd spƌiŶg aŶd CV iŶ suŵŵeƌ ;Fig. ϳͿ. Highest δϭϱN 
ǁeƌe ŵeasuƌed iŶ Đopepodids CIV fƌoŵ the suƌfaĐe laǇeƌ duƌiŶg autuŵŶ ;ϵ.ϳ ± Ϭ.ϱ‰, Fig. ϳͿ. 
At ϲϱϬ to ϭϮϱϬ ŵ depth, oǀeƌǁiŶteƌiŶg Đopepodids CIV had a ƌeŵaƌkaďlǇ staďle δϭϱN ƌatio of 
ϱ.Ϯ‰ thƌoughout the Ǉeaƌ. IŶ R. gigas, δϭϱN ƌatios ƌaŶged fƌoŵ Ϯ.Ϭ‰ iŶ CV duƌiŶg autuŵŶ to 
ϳ.Ϭ‰ iŶ feŵales iŶ spƌiŶg ;Fig. ϳͿ. Depth-ƌelated tƌeŶds ǁeƌe less pƌoŶouŶĐed aŶd ǀaƌiatioŶ 
ǁas espeĐiallǇ high iŶ the ŵesopelagiĐ laǇeƌ ;≈ ϰϬϬ ŵͿ iŶ autuŵŶ ;ϭ.ϲ - ϳ.ϵ‰Ϳ. OŶlǇ iŶ spƌiŶg, 
δϭϱN ƌatios ǁeƌe positiǀelǇ Đoƌƌelated to saŵpliŶg depth iŶ adult feŵales ;Fig. ϳͿ. 
IsotopiĐ ƌatios of δϭϱN iŶ aĐtiǀelǇ oǀeƌǁiŶteƌiŶg C. pƌopiŶƋuus ƌaŶged fƌoŵ Ϭ.ϯ ± Ϭ.ϭ‰ iŶ 
Đopepodids CIV iŶ ǁiŶteƌ to a ŵaǆiŵuŵ of ϲ.ϳ‰ iŶ aŶ adult feŵale iŶ spƌiŶg ;Fig. ϳͿ.  δϭϱN 






Figure 7. δ15N (‰) ratios of Calanoides acutus, Calanus propinquus and Rhincalanus gigas at mid-depth of 
sampling interval (m) in austral autumn (A), winter (B), spring (C) and summer (D) (CIV-CV: copepodite 










 Chapteƌ ϯ 
ϰ DisĐussioŶ 
Heƌďiǀoƌous Đopepods iŶ polaƌ oĐeaŶs haǀe to Đope ǁith seasoŶallǇ liŵited food-supplǇ duƌiŶg 
the loŶg polaƌ ǁiŶteƌ. To oǀeƌĐoŵe eǆteŶded peƌiods of staƌǀatioŶ, seǀeƌal speĐies iŶĐludiŶg 
the AŶtaƌĐtiĐ CalaŶoides aĐutus aŶd thƌee AƌĐtiĐ CalaŶus speĐies oǀeƌǁiŶteƌ at depth iŶ a 
doƌŵaŶt state Đalled diapause, eǆĐlusiǀelǇ fuelled ďǇ iŶteƌŶal eŶeƌgǇ ƌeseƌǀes iŶ the foƌŵ of 
lipids ;e.g. CoŶoǀeƌ ϭϵϴϴ, AtkiŶsoŶ ϭϵϵϴ, HiƌĐhe ϭϵϵϴͿ. The ŵeĐhaŶisŵs tƌiggeƌiŶg desĐeŶt at 
the eŶd of suŵŵeƌ aŶd iŶduĐiŶg ŵetaďoliĐ depƌessioŶ foƌ diapause aƌe still faƌ fƌoŵ 
uŶdeƌstood. 
IŶ a pƌeǀious studǇ, “aƌtoƌis et al. ;ϮϬϭϬͿ disĐoǀeƌed that diapausiŶg Đopepod speĐies 
aĐĐuŵulated laƌge aŵouŶts of aŵŵoŶiuŵ ioŶs ;NHϰ+Ϳ iŶ the haeŵolǇŵph aŶd postulated that 
the ƌeplaĐeŵeŶt of ĐatioŶs ǁith a higheƌ ŵoleĐulaƌ ǁeight suĐh as Na+, MgϮ+ aŶd CaϮ+ ďǇ loǁ 
deŶsitǇ NHϰ+ ŵaǇ ĐoŶtƌiďute to aŶ eŶeƌgǇ-effiĐieŶt ďuoǇaŶĐǇ ƌegulatioŶ duƌiŶg diapause. 
We ;“ĐhƌüŶdeƌ et al. ϮϬϭϯͿ shoǁed that aŵŵoŶiuŵ aĐĐuŵulatioŶ iŶ diapausiŶg Đopepods is 
assoĐiated ǁith ƌeduĐed eǆtƌaĐellulaƌ pH leǀels. The distƌiďutioŶ aŶd foƌŵatioŶ of aŵŵoŶiuŵ 
is stƌoŶglǇ liŶked to the pH. IŶ aƋueous solutioŶ, aŵŵoŶia ;total aŵŵoŶia: NHϯ/NHϰ+Ϳ eǆists as 
eitheƌ ioŶised NHϰ+ oƌ uŶ-ioŶised NHϯ. Loǁ pH faǀouƌs the foƌŵatioŶ of NHϰ+, the less toǆiĐ aŶd 
less diffusiǀe foƌŵ of aŵŵoŶia, aŶd, as suĐh, is a pƌeƌeƋuisite foƌ the stoƌage of aŵŵoŶiuŵ iŶ 
laƌge ƋuaŶtities. 
IŶ additioŶ, ǁe ƌeĐoƌded eŵpiƌiĐallǇ that diapausiŶg C. aĐutus ǁith high aŵŵoŶiuŵ ĐoŶteŶt 
had Ŷeutƌal ďuoǇaŶĐǇ ǁithout sǁiŵŵiŶg aĐtiǀitǇ duƌiŶg ǁiŶteƌ, ǁheƌeas CalaŶus pƌopiŶƋuus, 
ǁhiĐh does Ŷot stoƌe aŵŵoŶiuŵ, ǁas ŶegatiǀelǇ ďuoǇaŶt ;“ĐhƌüŶdeƌ et al. ϮϬϭϰͿ.  
IŶ the pƌeseŶt studǇ, ǁe foĐused oŶ seasoŶal aŶd depth-ƌelated ǀaƌiatioŶs iŶ ĐatioŶ 
ĐoŵpositioŶ, aŵŵoŶiuŵ ĐoŶteŶt aŶd otheƌ eĐophǇsiologiĐal aŶd ďioĐheŵiĐal paƌaŵeteƌs iŶ 
oƌdeƌ to eluĐidate hoǁ pƌoĐesses of ǀeƌtiĐal ŵigƌatioŶ, diapause aŶd aŵŵoŶiuŵ aĐĐuŵulatioŶ 
iŶteƌaĐt duƌiŶg the life ĐǇĐle of the AŶtaƌĐtiĐ C. aĐutus iŶ ĐoŶtƌast to Đo-oĐĐuƌƌiŶg Đopepods  
C. pƌopiŶƋuus aŶd R. gigas ǁith diffeƌeŶt adaptiǀe stƌategies.  
DiapausiŶg aŶd ŶoŶ-diapausiŶg Đopepods diffeƌed iŶ theiƌ eǆtƌaĐellulaƌ ĐatioŶ ĐoŵpositioŶ. 
WithiŶ the haeŵolǇŵph of C. aĐutus aŶd R. gigas, stƌoŶglǇ iŶĐƌeased leǀels of aŵŵoŶiuŵ 





loǁ-deŶsitǇ aŵŵoŶiuŵ aŶd ŵiŶoƌ ĐoŶtƌiďutioŶs of heaǀieƌ ioŶs ĐoŶtƌiďute to ďuoǇaŶĐǇ 
ƌegulatioŶ. Neutƌal ďuoǇaŶĐǇ pƌoǀides aŶ adǀaŶtage duƌiŶg oǀeƌǁiŶteƌiŶg at gƌeateƌ depth 
ďeĐause it ƌeduĐes eŶeƌgǇ ƌeƋuiƌeŵeŶts foƌ ĐoŶstaŶt sǁiŵŵiŶg. IŶ otheƌ ŵaƌiŶe taǆa suĐh as 
sƋuids ;Claƌke et al. ϭϵϳϵͿ, deep sea shƌiŵps ;“aŶdeƌs aŶd Childƌess ϭϵϴϴͿ aŶd pƌotozoaŶ 
;DeŶtoŶ et al. ϭϵϲϵͿ, the stoƌage of loǁ-deŶsitǇ aŵŵoŶiuŵ is a ǁell-kŶoǁŶ ďuoǇaŶĐǇ 
ŵeĐhaŶisŵ. It pƌoǀides a Đost effiĐieŶt solutioŶ, siŶĐe aŵŵoŶiuŵ is a ǁaste pƌoduĐt of the 
pƌoteiŶ Đataďolisŵ. Moƌeoǀeƌ, the ďuoǇaŶĐǇ effeĐt of aŵŵoŶiuŵ is iŶdepeŶdeŶt of ĐhaŶges iŶ 
aŵďieŶt pƌessuƌe, eǆpeƌieŶĐed ďǇ Đopepods duƌiŶg pƌoŶouŶĐed seasoŶal ǀeƌtiĐal ŵigƌatioŶ.  
Eleǀated leǀels of NHϰ+ ǁeƌe assoĐiated ǁith loǁ pH iŶ the haeŵolǇŵph iŶ ďoth diapausiŶg 
speĐies. IŶ R. gigas, aŵŵoŶiuŵ ĐoŶĐeŶtƌatioŶs ǁeƌe sigŶifiĐaŶtlǇ Đoƌƌelated to haeŵolǇŵph 
pH iŶ all stages, ǁhile iŶ C. aĐutus liŶeaƌ ƌelatioŶships ǁeƌe fouŶd iŶ ŵost seasoŶs ǁith the 
eǆĐeptioŶ of ǁiŶteƌ ;“ĐhƌüŶdeƌ et al. ϮϬϭϯͿ. The stƌoŶg Đausal ƌelatioŶship ďetǁeeŶ pH aŶd 
aŵŵoŶiuŵ ĐoŶĐeŶtƌatioŶ does Ŷot ŶeĐessaƌilǇ lead to a sigŶifiĐaŶt ĐoƌƌelatioŶ ďetǁeeŶ these 
pƌopeƌties thƌoughout the Ǉeaƌ. It is also possiďle that oŶlǇ a ĐeƌtaiŶ thƌeshold iŶ pH ŵust ďe 
suƌpassed foƌ the foƌŵatioŶ of NHϰ+.  
The gƌeat ǀaƌiaŶĐe of aŵŵoŶiuŵ ĐoŶĐeŶtƌatioŶs iŶ ouƌ data set ŵaǇ ďe eǆplaiŶed ďǇ a 
ĐoŵďiŶatioŶ of iŶteƌ-aŶŶual, spatial aŶd iŶdiǀidual ǀaƌiaďilitǇ. We ĐoŵďiŶed data fƌoŵ fouƌ 
diffeƌeŶt AŶtaƌĐtiĐ eǆpeditioŶs iŶ suďseƋueŶt Ǉeaƌs to Đƌeate a ǀiƌtual seasoŶal ĐǇĐle. Although 
all eǆpeditioŶs taƌgeted the Weddell “ea, it ǁas Ŷot possiďle to ĐolleĐt saŵples at eǆaĐtlǇ the 
saŵe positioŶs duƌiŶg eaĐh Đƌuise. IŶ additioŶ, iŶdiǀidual ǀaƌiaďilitǇ iŶ life histoƌǇ ďetǁeeŶ 
speĐiŵeŶs Đould Ŷot ďe ƌuled out. The tiŵiŶg aŶd eǆteŶt of aŵŵoŶiuŵ aĐĐuŵulatioŶ as a 
ďuoǇaŶĐǇ aid aƌe highlǇ iŶdiǀidual pƌoĐesses aŶd depeŶd iŶteƌ alia oŶ the phǇsiologiĐal status 
aŶd the ďioĐheŵiĐal ĐoŵpositioŶ of eaĐh iŶdiǀidual. DepeŶdiŶg oŶ the deǀelopŵeŶtal status 
aŶd the phǇsiologiĐal ďaĐkgƌouŶd, eaĐh ďodǇ ĐoŵpoŶeŶt ĐoŶtƌiďutes to the oǀeƌall deŶsitǇ of 
the iŶdiǀidual iŶ ǀaƌǇiŶg pƌopoƌtioŶs. MoultiŶg, staƌǀiŶg, goŶad aŶd egg ŵatuƌatioŶ, aĐtuallǇ 
all ŵetaďoliĐ pƌoĐesses, ĐhaŶge the ƌelatiǀe ďioĐheŵiĐal ĐoŵpositioŶ aŶd heŶĐe deŶsitǇ.  
Besides ďuoǇaŶĐǇ ƌegulatioŶ, loǁ pH ǀalues ŵaǇ also ďe iŶǀolǀed iŶ iŶduĐiŶg ŵetaďoliĐ 
depƌessioŶ duƌiŶg diapause. IŶ seǀeƌal iŶǀeƌteďƌates, foƌ iŶstaŶĐe ďƌiŶe shƌiŵp Aƌteŵia saliŶa 
aŶd sŶail Oƌeoheliǆ spp., loǁ iŶtƌaĐellulaƌ pH ǀalues aƌe a ƌeleǀaŶt faĐtoƌ ƌeduĐiŶg eŶeƌgǇ 
tuƌŶoǀeƌ aŶd ŵetaďoliĐ ƌates iŶ diffeƌeŶt ďodǇ Đells aŶd oŶ the oƌgaŶisŵiĐ leǀel ;Busa aŶd 
 ϲϭ 
 
 Chapteƌ ϯ 
NuĐĐitelli ϭϵϴϰ, HaŶd aŶd GŶaigeƌ ϭϵϴϴ, HaŶd aŶd CaƌpeŶteƌ ϭϵϴϲ, Rees aŶd HaŶd ϭϵϵϬͿ aŶd 
poteŶtial effeĐts oŶ ŵetaďoliĐ pƌoĐesses ǀia ĐhaŶges iŶ eǆtƌaĐellulaƌ pH haǀe ďeeŶ shoǁŶ foƌ 
ŵaƌiŶe ǁoƌŵ SipuŶĐulus Ŷudus ;ReipsĐhlägeƌ aŶd PöƌtŶeƌ ϭϵϵϲͿ. Theƌefoƌe, it is possiďle that 
loǁ eǆtƌaĐellulaƌ pH ĐoŶditioŶs iŶ the haeŵolǇŵph Đould also tƌiggeƌ doƌŵaŶĐǇ iŶ Đopepods.  
To suppleŵeŶt seasoŶal tƌeŶds iŶ haeŵolǇŵph pH aŶd aŵŵoŶiuŵ ĐoŶĐeŶtƌatioŶ, ǁe 
ŵeasuƌed aŶ eǆteŶsiǀe data set oŶ otheƌ phǇsiologiĐal aŶd ďioĐheŵiĐal paƌaŵeteƌs iŶĐludiŶg 
ƌespiƌatioŶ ƌates, lipid ĐoŶteŶt aŶd ĐoŵpositioŶ as ǁell as ŶitƌogeŶ staďle isotope ƌatios.  
IŶ aĐĐoƌdaŶĐe ǁith pƌeǀious studies ;e.g. HageŶ et al. ϭϵϵϯ, KattŶeƌ aŶd HageŶ ϭϵϵϱ, KattŶeƌ 
et al. ϮϬϭϮͿ, the thƌee AŶtaƌĐtiĐ Đopepod speĐies diffeƌed iŶ theiƌ lipid Đlass ĐoŵpositioŶ aŶd 
lipid stoƌage stƌategǇ. While C. aĐutus aĐĐuŵulated ǁaǆ esteƌs as ŵajoƌ lipid Đlass, lipids of C. 
pƌopiŶƋuus ǁeƌe doŵiŶated ďǇ tƌiaĐǇlglǇĐeƌols. R. gigas also sǇŶthesizes ǁaǆ esteƌs, ďut ǁith 
fattǇ aĐids of shoƌteƌ ĐhaiŶ leŶgth ;KattŶeƌ et al. ϭϵϵϰͿ. The diffeƌeŶt lipid stoƌage stƌategies 
haǀe ďeeŶ attƌiďuted to diffeƌeŶĐes iŶ life ĐǇĐle aŶd dietaƌǇ ĐoŵpositioŶ. Waǆ esteƌs usuallǇ 
seƌǀe as loŶg-teƌŵ eŶeƌgǇ stoƌes iŶ diapausiŶg speĐies, ǁheƌeas tƌiaĐǇlglǇĐeƌols Đoǀeƌ shoƌteƌ 
teƌŵ eŶeƌgǇ ƌeƋuiƌeŵeŶts of C. pƌopiŶƋuus, ǁhiĐh sǁitĐhes to a ŵoƌe ĐaƌŶiǀoƌous diet duƌiŶg 
ǁiŶteƌ ;Metz aŶd “ĐhŶaĐk-“Đhiel ϭϵϵϱ, PasteƌŶak aŶd “ĐhŶaĐk-“Đhiel ϮϬϬϭͿ.  
UŶeǆpeĐtedlǇ, C. aĐutus fƌoŵ deepeƌ laǇeƌs ;iŶ all stages iŶ autuŵŶ, iŶ CIV iŶ ǁiŶteƌ aŶd spƌiŶg 
aŶd CV iŶ suŵŵeƌͿ had loǁeƌ δϭϱN ƌatios thaŶ ĐoŶspeĐifiĐs fƌoŵ the suƌfaĐe. This ƌesult ǁas iŶ 
ĐoŶtƌast to otheƌ Đopepods, ǁheƌe δϭϱN ƌatios ofteŶ iŶĐƌease ǁith iŶĐƌeasiŶg depth of 
oĐĐuƌƌeŶĐe ;LaakŵaŶŶ aŶd Auel ϮϬϭϬͿ. IŶĐƌeasiŶg δϭϱN ƌatios ǁith iŶĐƌeasiŶg depth of 
oĐĐuƌƌeŶĐe iŶ zooplaŶktoŶ aƌe usuallǇ eǆplaiŶed ďǇ a deĐƌeasiŶg aǀailaďilitǇ of phǇtoplaŶktoŶ 
aŶd/oƌ phǇtodetƌitus as poteŶtial food souƌĐe at depth aŶd the ŶotioŶ that siŶkiŶg paƌtiĐulate 
oƌgaŶiĐ ŵateƌial ;POMͿ is ďeiŶg ĐoŶsuŵed aŶd ƌeǁoƌked seǀeƌal tiŵes oŶ its ǁaǇ doǁŶ, 
leadiŶg to higheƌ δϭϱN ƌatios iŶ deep-sea POM due to ƌepetitiǀe isotopiĐ fƌaĐtioŶatioŶ. We 
assuŵe that speĐifiĐ adaptatioŶs iŶ the pƌoteiŶ aŶd ŶitƌogeŶ Đataďolisŵ of C. aĐutus ƌelated to 
aŵŵoŶia aĐĐuŵulatioŶ ŵight ƌesult iŶ ĐoŵpaƌatiǀelǇ loǁ δϭϱN ƌatios iŶ oǀeƌǁiŶteƌiŶg 
speĐiŵeŶs at depth. Fuƌtheƌ studies aƌe Ŷeeded to eluĐidate the ŵetaďoliĐ pathǁaǇs iŶǀolǀed 





CalaŶid Đopepods plaǇ iŵpoƌtaŶt ƌoles iŶ eŶeƌgǇ tƌaŶsfeƌ iŶ ŵaƌiŶe eĐosǇsteŵs. TheǇ liŶk 
pƌiŵaƌǇ pƌoduĐtioŶ to higheƌ tƌophiĐ leǀels aŶd, ǀia the ďiologiĐal ĐaƌďoŶ puŵp, suďstaŶtiallǇ 
affeĐt ďiogeoĐheŵiĐal ĐǇĐles aŶd ĐaƌďoŶ fluǆes. IŶ high-latitude eĐosǇsteŵs, gloďal Đliŵate 
ĐhaŶge leads to ĐhaŶges iŶ pheŶologǇ aŶd seasoŶalitǇ. “pƌiŶg ďlooŵs oĐĐuƌ eaƌlieƌ due to 
sooŶeƌ ďƌeakup of sea iĐe aŶd/oƌ ǁaƌŵeƌ ǁateƌ teŵpeƌatuƌes eaƌlieƌ iŶ the seasoŶ ;“øƌeide et 
al. ϮϬϭϬ, Leu et al. ϮϬϭϭͿ. If the teƌŵiŶatioŶ of diapause aŶd oǀeƌǁiŶteƌiŶg iŶ doŵiŶaŶt 
heƌďiǀoƌous Đopepods ǁas deteƌŵiŶed ďǇ iŶteƌŶal phǇsiologiĐal faĐtoƌs iŶdepeŶdeŶt fƌoŵ 
Đliŵate ĐhaŶge - as iŶdiĐated ďǇ the ƌesults of ouƌ studǇ - , a shift iŶ the tiŵiŶg of the spƌiŶg 
ďlooŵ ŵight ƌesult iŶ a ŵisŵatĐh ďetǁeeŶ pƌiŵaƌǇ pƌoduĐtioŶ aŶd zooplaŶktoŶ ĐoŶsuŵptioŶ 
ǁith poteŶtial tƌeŵeŶdous effeĐts oŶ the pelagiĐ food ǁeď. Theƌefoƌe, it is esseŶtial to 
uŶdeƌstaŶd the ƌegulatiŶg ŵeĐhaŶisŵs of doŵiŶaŶt Đopepods` life ĐǇĐles aŶd ouƌ ƌesults 
ĐoŶtƌiďute to a ďetteƌ uŶdeƌstaŶdiŶg of the eĐophǇsiologiĐal faĐtoƌs iŶǀolǀed iŶ the ƌegulatioŶ 
of diapause aŶd oǀeƌǁiŶteƌiŶg.  
AĐkŶowledgeŵeŶts 
We ǁould like to thaŶk the ĐaptaiŶs aŶd Đƌeǁs of RV PolaƌsteƌŶ foƌ theiƌ ĐoŵpeteŶt suppoƌt. 
RiĐhaƌd “teiŶŵetz, MaƌtiŶ Gƌaeǀe aŶd Wilhelŵ HageŶ helped ǁith ǁoƌk oŶ ďoaƌd iŶĐludiŶg 
zooplaŶktoŶ saŵpliŶg. YǀoŶŶe “akka aŶd AŶdƌea “ĐhluŶk suppoƌted the deǀelopŵeŶt of the 
pH ŵethodologǇ. This ǁoƌk ǁas suppoƌted ďǇ the DeutsĐhe FoƌsĐhuŶgsgeŵeiŶsĐhaft ;DFGͿ iŶ 
the fƌaŵeǁoƌk of the pƌioƌitǇ pƌogƌaŵŵe ͞AŶtaƌĐtiĐ ReseaƌĐh ǁith Đoŵpaƌatiǀe iŶǀestigatioŶs 











 Chapteƌ ϯ 
RefereŶĐes 
AtkiŶsoŶ, A. ;ϭϵϵϭͿ. Life ĐǇĐles of CalaŶoides aĐutus, CalaŶus siŵilliŵus aŶd RhiŶĐalaŶus gigas ;Copepoda: 
CalaŶoidaͿ ǁithiŶ the “Đotia “ea. MaƌiŶe BiologǇ, ϭϬϵ;ϭͿ, ϳϵ-ϵϭ. 
AtkiŶsoŶ, A. ;ϭϵϵϴͿ. Life ĐǇĐle stƌategies of epipelagiĐ Đopepods iŶ the “outheƌŶ OĐeaŶ. JouƌŶal of MaƌiŶe 
SǇsteŵs, ϭϱ;ϭͿ, Ϯϴϵ-ϯϭϭ. 
BathŵaŶŶ, U. V., Makaƌoǀ, R. R., “piƌidoŶoǀ, V. A., & Rohaƌdt, G. ;ϭϵϵϯͿ. WiŶteƌ distƌiďutioŶ aŶd 
oǀeƌǁiŶteƌiŶg stƌategies of the AŶtaƌĐtiĐ Đopepod speĐies CalaŶoides aĐutus, RhiŶĐalaŶus gigas aŶd 
CalaŶus pƌopiŶƋuus ;CƌustaĐea, CalaŶoidaͿ iŶ the Weddell “ea. Polaƌ BiologǇ, ϭϯ;ϱͿ, ϯϯϯ-ϯϰϲ. 
Busa, W. B., & NuĐĐitelli, R. ;ϭϵϴϰͿ. MetaďoliĐ ƌegulatioŶ ǀia iŶtƌaĐellulaƌ pH. AŵeƌiĐaŶ JouƌŶal of 
PhǇsiologǇ-RegulatoƌǇ, IŶtegƌative aŶd Coŵpaƌative PhǇsiologǇ, Ϯϰϲ;ϰͿ, ϰϬϵ-ϰϯϴ. 
Claƌke, M. R., DeŶtoŶ, E. J., & GilpiŶ-BƌoǁŶ, J. B. ;ϭϵϳϵͿ. OŶ the use of aŵŵoŶiuŵ foƌ ďuoǇaŶĐǇ iŶ 
sƋuids. JouƌŶal of the MaƌiŶe BiologiĐal AssoĐiatioŶ of the UŶited KiŶgdoŵ, ϱϵ;ϬϮͿ, Ϯϱϵ-Ϯϳϲ. 
CoŶoǀeƌ, R. J. ;ϭϵϴϴͿ. Coŵpaƌatiǀe life histoƌies iŶ the geŶeƌa CalaŶus aŶd NeoĐalaŶus iŶ high latitudes of 
the ŶoƌtheƌŶ heŵispheƌe. HǇdƌoďiologia, ϭϲϳ;ϭͿ, ϭϮϳ-ϭϰϮ. 
Dalsgaaƌd, J., JohŶ, M. “., KattŶeƌ, G., Mülleƌ-Naǀaƌƌa, D., & HageŶ, W. ;ϮϬϬϯͿ. FattǇ aĐid tƌophiĐ ŵaƌkeƌs 
iŶ the pelagiĐ ŵaƌiŶe eŶǀiƌoŶŵeŶt. AdvaŶĐes iŶ MaƌiŶe BiologǇ, ϰϲ, ϮϮϱ-ϯϰϬ. 
DeŶtoŶ, E. J., GilpiŶ-BƌoǁŶ, J. B., & “haǁ, T. I. ;ϭϵϲϵͿ. A ďuoǇaŶĐǇ ŵeĐhaŶisŵ fouŶd iŶ ĐƌaŶĐhid 
sƋuid. PƌoĐeediŶgs of the RoǇal SoĐietǇ of LoŶdoŶ. Seƌies B. BiologiĐal SĐieŶĐes, ϭϳϰ;ϭϬϯϲͿ, Ϯϳϭ-Ϯϳϵ. 
Dƌits, A. V., PasteƌŶak, A. F., & Kosoďokoǀa, K. N. ;ϭϵϵϰͿ. PhǇsiologiĐal ĐhaƌaĐteƌistiĐs of the AŶtaƌĐtiĐ 
Đopepod CalaŶoides aĐutus duƌiŶg late suŵŵeƌ iŶ the Weddell “ea. HǇdƌoďiologia, ϮϵϮ;ϭͿ, ϮϬϭ-ϮϬϳ. 
FolĐh, J., Lees, M., & “loaŶe-“taŶleǇ, G. H. ;ϭϵϱϳͿ. A siŵple ŵethod foƌ the isolatioŶ aŶd puƌifiĐatioŶ of 
total lipids fƌoŵ aŶiŵal tissues. The JouƌŶal of BiologiĐal CheŵistƌǇ, ϮϮϲ;ϭͿ, ϰϵϳ-ϱϬϵ. 
HageŶ, W. ;ϮϬϬϬͿ. Lipids. IŶ: Haƌƌis, R., Wieďe, P., LeŶz, J., “kjøldal, H., HuŶtleǇ, M., ;edsͿ. ICES ZooplaŶktoŶ 
MethodologǇ MaŶual. AĐadeŵiĐ Pƌess, “aŶ Diego, ϭϭϯ-ϭϭϵ. 
HageŶ, W., KattŶeƌ, G., & Gƌaeǀe, M. ;ϭϵϵϯͿ. CalaŶoides aĐutus aŶd CalaŶus pƌopiŶƋuus, AŶtaƌĐtiĐ 
Đopepods ǁith diffeƌeŶt lipid stoƌage ŵodes ǀia ǁaǆ esteƌs oƌ tƌiaĐǇlglǇĐeƌols. MaƌiŶe EĐologǇ Pƌogƌess 
Seƌies, ϵϳ, ϭϯϱ-ϭϰϮ. 
HaŶd, “. C., & CaƌpeŶteƌ, J. F. ;ϭϵϴϲͿ. pH-iŶduĐed ŵetaďoliĐ tƌaŶsitioŶs iŶ Aƌteŵia eŵďƌǇos ŵediated ďǇ a 
Ŷoǀel hǇsteƌetiĐ tƌehalase. SĐieŶĐe, ϮϯϮ;ϰϳϱϳͿ, ϭϱϯϱ-ϭϱϯϳ. 
HaŶd, “. C., & GŶaigeƌ, E. ;ϭϵϴϴͿ. AŶaeƌoďiĐ doƌŵaŶĐǇ ƋuaŶtified iŶ Aƌteŵia eŵďƌǇos: a ĐaloƌiŵetƌiĐ test 
of the ĐoŶtƌol ŵeĐhaŶisŵ. SĐieŶĐe, Ϯϯϵ;ϰϴϰϲͿ, ϭϰϮϱ-ϭϰϮϳ. 
HiƌĐhe, H.-J. ;ϭϵϵϴͿ. DoƌŵaŶĐǇ iŶ thƌee CalaŶus speĐies ;C. fiŶŵaƌĐhiĐus, C. glaĐialis aŶd C. hǇpeƌďoƌeusͿ 





Hoduŵ, P. J., & HoďsoŶ, K. A. ;ϮϬϬϬͿ. TƌophiĐ ƌelatioŶships aŵoŶg AŶtaƌĐtiĐ fulŵaƌiŶe petƌels: iŶsights iŶto 
dietaƌǇ oǀeƌlap aŶd ĐhiĐk pƌoǀisioŶiŶg stƌategies iŶfeƌƌed fƌoŵ staďle-isotope ;δϭϱN aŶd δϭϯCͿ 
aŶalǇses. MaƌiŶe EĐologǇ Pƌogƌess Seƌies, ϭϵϴ, Ϯϳϯ-Ϯϴϭ. 
KattŶeƌ, G., Alďeƌs, C., Gƌaeǀe, M., & “ĐhŶaĐk-“Đhiel, “. B. ;ϮϬϬϯͿ. FattǇ aĐid aŶd alĐohol ĐoŵpositioŶ of the 
sŵall polaƌ Đopepods, OithoŶa aŶd OŶĐaea: iŶdiĐatioŶ oŶ feediŶg ŵodes. Polaƌ BiologǇ, Ϯϲ;ϭϬͿ, ϲϲϲ-ϲϳϭ. 
KattŶeƌ, G., & FƌiĐke, H. “. ;ϭϵϴϲͿ. “iŵple gas-liƋuid ĐhƌoŵatogƌaphiĐ ŵethod foƌ the siŵultaŶeous 
deteƌŵiŶatioŶ of fattǇ aĐids aŶd alĐohols iŶ ǁaǆ esteƌs of ŵaƌiŶe oƌgaŶisŵs. JouƌŶal of ChƌoŵatogƌaphǇ 
A, ϯϲϭ, Ϯϲϯ-Ϯϲϴ. 
KattŶeƌ, G., Gƌaeǀe, M., & HageŶ, W. ;ϭϵϵϰͿ. OŶtogeŶetiĐ aŶd seasoŶal ĐhaŶges iŶ lipid aŶd fattǇ 
aĐid/alĐohol ĐoŵpositioŶs of the doŵiŶaŶt AŶtaƌĐtiĐ Đopepods CalaŶus pƌopiŶƋuus, CalaŶoides aĐutus aŶd 
RhiŶĐalaŶus gigas. MaƌiŶe BiologǇ, ϭϭϴ;ϰͿ, ϲϯϳ-ϲϰϰ. 
KattŶeƌ, G., & HageŶ, W. ;ϭϵϵϱͿ. Polaƌ heƌďiǀoƌous Đopepods - diffeƌeŶt pathǁaǇs iŶ lipid 
ďiosǇŶthesis. ICES JouƌŶal of MaƌiŶe SĐieŶĐe, ϱϮ;ϯ-ϰͿ, ϯϮϵ-ϯϯϱ. 
KattŶeƌ, G., Gƌaeǀe, M., & HageŶ, W. ;ϮϬϭϮͿ. EŶeƌgǇ ƌeseƌǀes of “outheƌŶ OĐeaŶ Đopepods: 
TƌiaĐǇlglǇĐeƌols ǁith uŶusuallǇ loŶg-ĐhaiŶ ŵoŶouŶsatuƌated fattǇ aĐids. MaƌiŶe CheŵistƌǇ, ϭϯϴ, ϳ-ϭϮ. 
KellǇ, J.R., & “ĐheiďliŶg, R.E. ;ϮϬϭϮͿ. FattǇ aĐids as dietaƌǇ tƌaĐeƌs iŶ ďeŶthiĐ food ǁeďs. MaƌiŶe EĐologǇ 
Pƌogƌess Seƌies, ϰϰϲ, ϭ-ϮϮ. 
LaakŵaŶŶ, “., & Auel, H. ;ϮϬϭϬͿ. LoŶgitudiŶal aŶd ǀeƌtiĐal tƌeŶds iŶ staďle isotope sigŶatuƌes ;δϭϯC aŶd 
δϭϱNͿ of oŵŶiǀoƌous aŶd ĐaƌŶiǀoƌous Đopepods aĐƌoss the “outh AtlaŶtiĐ OĐeaŶ. MaƌiŶe BiologǇ, ϭϱϳ;ϯͿ, 
ϰϲϯ-ϰϳϭ. 
Lee, R. F., HageŶ, W., & KattŶeƌ, G. ;ϮϬϬϲͿ. Lipid stoƌage iŶ ŵaƌiŶe zooplaŶktoŶ. MaƌiŶe EĐologǇ Pƌogƌess 
Seƌies, ϯϬϳ;ϭͿ, Ϯϳϯ-ϯϬϲ. 
Leu, E., “øƌeide, J. E., HesseŶ, D. O., Falk-PeteƌseŶ, “., & Beƌge, J. ;ϮϬϭϭͿ. CoŶseƋueŶĐes of ĐhaŶgiŶg sea-iĐe 
Đoǀeƌ foƌ pƌiŵaƌǇ aŶd seĐoŶdaƌǇ pƌoduĐeƌs iŶ the EuƌopeaŶ AƌĐtiĐ shelf seas: tiŵiŶg, ƋuaŶtitǇ, aŶd 
ƋualitǇ. Pƌogƌess iŶ OĐeaŶogƌaphǇ, ϵϬ;ϭͿ, ϭϴ-ϯϮ. 
MaƌiŶ, V. ;ϭϵϴϴͿ. Qualitatiǀe ŵodels of the life ĐǇĐles of CalaŶoides aĐutus, CalaŶus pƌopiŶƋuus, aŶd 
RhiŶĐalaŶus gigas. Polaƌ BiologǇ, ϴ;ϲͿ, ϰϯϵ-ϰϰϲ. 
MaƌiŶ, V. H., & “ĐhŶaĐk-“Đhiel, “. B. ;ϭϵϵϯͿ. The oĐĐuƌƌeŶĐe of RhiŶĐalaŶus gigas, CalaŶoides aĐutus, aŶd 
CalaŶus pƌopiŶƋuus ;Copepoda: CalaŶoidaͿ iŶ late MaǇ iŶ the aƌea of the AŶtaƌĐtiĐ PeŶiŶsula. Polaƌ 
BiologǇ, ϭϯ;ϭͿ, ϯϱ-ϰϬ. 
Metz, C., & “ĐhŶaĐk-“Đhiel, “. B. ;ϭϵϵϱͿ. OďseƌǀatioŶs oŶ ĐaƌŶiǀoƌous feediŶg iŶ AŶtaƌĐtiĐ ĐalaŶoid 
Đopepods. MaƌiŶe EĐologǇ Pƌogƌess Seƌies, ϭϮϵ;ϭͿ, ϳϭ-ϳϱ. 
MiŶagaǁa, M., & Wada, E. ;ϭϵϴϰͿ. “tepǁise eŶƌiĐhŵeŶt of ϭϱN aloŶg food ĐhaiŶs: fuƌtheƌ eǀideŶĐe aŶd the 
ƌelatioŶ ďetǁeeŶ δϭϱN aŶd aŶiŵal age. GeoĐhiŵiĐa et CosŵoĐhiŵiĐa AĐta, ϰϴ;ϱͿ, ϭϭϯϱ-ϭϭϰϬ. 
 ϲϱ 
 
 Chapteƌ ϯ 
OsďouƌŶe, J. W. ;ϮϬϬϮͿ. Notes oŶ the Use of Data TƌaŶsfoƌŵatioŶ. PƌaĐtiĐal AssessŵeŶt, ReseaƌĐh & 
EvaluatioŶ, ϴ;ϲͿ, ϭ-ϴ. 
PasteƌŶak, A. F., & “ĐhŶaĐk-“Đhiel, “. B. ;ϮϬϬϭͿ. FeediŶg patteƌŶs of doŵiŶaŶt AŶtaƌĐtiĐ Đopepods: aŶ 
iŶteƌplaǇ of diapause, seleĐtiǀitǇ, aŶd aǀailaďilitǇ of food. HǇdƌoďiologia, ϰϱϯ/ϰϱϰ, Ϯϱ-ϯϲ. 
 
Rees, B. B., & HaŶd, “. C. ;ϭϵϵϬͿ. Heat dissipatioŶ, gas eǆĐhaŶge aŶd aĐid-ďase status iŶ the laŶd sŶail 
Oƌeoheliǆ duƌiŶg shoƌt-teƌŵ estiǀatioŶ. The JouƌŶal of EǆpeƌiŵeŶtal BiologǇ, ϭϱϮ;ϭͿ, ϳϳ-ϵϮ. 
ReipsĐhlägeƌ, A., & PöƌtŶeƌ, H. O. ;ϭϵϵϲͿ. MetaďoliĐ depƌessioŶ duƌiŶg eŶǀiƌoŶŵeŶtal stƌess: the ƌole of 
eǆtƌaĐellulaƌ ǀeƌsus iŶtƌaĐellulaƌ pH iŶ SipuŶĐulus Ŷudus. The JouƌŶal of EǆpeƌiŵeŶtal BiologǇ, ϭϵϵ;ϴͿ, ϭϴϬϭ-
ϭϴϬϳ. 
“aŶdeƌs, N. K., & Childƌess, J. J. ;ϭϵϴϴͿ. IoŶ ƌeplaĐeŵeŶt as a ďuoǇaŶĐǇ ŵeĐhaŶisŵ iŶ a pelagiĐ deep-sea 
ĐƌustaĐeaŶ. JouƌŶal of EǆpeƌiŵeŶtal BiologǇ, ϭϯϴ;ϭͿ, ϯϯϯ-ϯϰϯ. 
“aƌtoƌis, F. J., Thoŵas, D. N., CoƌŶils, A., & “ĐhŶaĐk-“Đhiel “. B. ;ϮϬϭϬͿ. BuoǇaŶĐǇ aŶd diapause iŶ AŶtaƌĐtiĐ 
Đopepods: The ƌole of aŵŵoŶiuŵ aĐĐuŵulatioŶ. LiŵŶologǇ aŶd OĐeaŶogƌaphǇ, ϱϱ;ϱͿ, ϭϴϲϬ-ϭϴϲϰ. 
“ĐhƌüŶdeƌ, “., “ĐhŶaĐk-“Đhiel, “. B., Auel, H., & “aƌtoƌis, F. J. ;ϮϬϭϯͿ. CoŶtƌol of diapause ďǇ aĐidiĐ pH aŶd 
aŵŵoŶiuŵ aĐĐuŵulatioŶ iŶ the haeŵolǇŵph of AŶtaƌĐtiĐ Đopepods. PloSoŶe, ϴ;ϭϬͿ, eϳϳϰϵϴ. 
“ĐhƌüŶdeƌ, “., “ĐhŶaĐk-“Đhiel, “. B., Auel, H., & “aƌtoƌis, F. J. ;ϮϬϭϰͿ. OďseƌǀatioŶs of Ŷeutƌal ďuoǇaŶĐǇ iŶ 
diapausiŶg Đopepods CalaŶoides aĐutus duƌiŶg AŶtaƌĐtiĐ ǁiŶteƌ. Polaƌ BiologǇ, ϯϳ;ϵͿ, ϭϯϲϵ-ϭϯϳϭ. 
“øƌeide, J. E., Leu, E. V. A., Beƌge, J., Gƌaeǀe, M., & Falk-PeteƌseŶ, “. T. I. G. ;ϮϬϭϬͿ. TiŵiŶg of ďlooŵs, algal 
food ƋualitǇ aŶd CalaŶus glaĐialis ƌepƌoduĐtioŶ aŶd gƌoǁth iŶ a ĐhaŶgiŶg AƌĐtiĐ. Gloďal ChaŶge BiologǇ, 
ϭϲ;ϭϭͿ, ϯϭϱϰ-ϯϭϲϯ. 









ϰ SǇŶoptiĐ disĐussioŶ 
66 
 
4 Synoptic discussion 
Heƌďiǀoƌous Đopepods ĐoŶstitute a keǇ ƌole iŶ the pelagiĐ food ǁeď of ďoth polaƌ oĐeaŶs. 
Theƌefoƌe, it is esseŶtial to uŶdeƌstaŶd the ƌegulatiŶg ŵeĐhaŶisŵs of theiƌ life ĐǇĐles to pƌediĐt 
eĐologiĐal ĐoŶseƋueŶĐes of e.g. Đliŵate ĐhaŶge oŶ the ǁhole polaƌ ŵaƌiŶe eĐosǇsteŵ. 
Toǁaƌds higheƌ latitudes, pƌiŵaƌǇ pƌoduĐtioŶ ĐǇĐles aƌe liŵited ďǇ the seasoŶalitǇ of light aŶd 
sea-iĐe ĐoŶditioŶs, aŶd heƌďiǀoƌous Đopepods haǀe adapted to the fluĐtuatiŶg food-supplǇ ďǇ 
diffeƌeŶt life-ĐǇĐle stƌategies. Calanoides acutus ĐoŶduĐts eǆteŶsiǀe seasoŶal ǀeƌtiĐal ŵigƌatioŶ 
assoĐiated ǁith a diapause at gƌeateƌ depth iŶ the SoutheƌŶ OĐeaŶ. Diapause is ĐhaƌaĐteƌised 
ďǇ ƌeduĐed ŵetaďoliĐ ƌates aŶd sǁiŵŵiŶg aĐtiǀities aŶd heŶĐe Ŷeutƌal ďuoǇaŶĐǇ at 
oǀeƌǁiŶteƌiŶg depth. The phǇsiologiĐal ŵeĐhaŶisŵs ďehiŶd ďuoǇaŶĐǇ ƌegulatioŶ, as ǁell as the 
tƌiggeƌiŶg faĐtoƌs teƌŵiŶatiŶg ŵigƌatioŶ aŶd the oŶ- aŶd offset of diapause ǁeƌe the suďjeĐt of 
this thesis.  
The ŵaiŶ oďjeĐtiǀes ǁeƌe to test a set of iŶteƌ-liŶked hǇpotheses oŶ the ƌole of aŵŵoŶiuŵ-
ƌegulated ďuoǇaŶĐǇ aŶd aŶ assoĐiated deĐƌease of eǆtƌaĐellulaƌ pH foƌ tƌiggeƌiŶg ŵetaďoliĐ 
depƌessioŶ duƌiŶg diapause. The ĐoŵpƌeheŶsiǀe data set ƌesults fƌoŵ fouƌ AŶtaƌĐtiĐ 
eǆpeditioŶs. It Đoŵpƌises a speĐies-speĐifiĐ, stage-depeŶdeŶt, as ǁell as seasoŶal- aŶd depth-
ƌelated ĐoŵpaƌisoŶ of the eǆtƌaĐellulaƌ ĐatioŶ ĐoŵpositioŶ aŶd haeŵolǇŵph pH. 
SuppleŵeŶtaƌǇ data oŶ phǇsiologiĐal aŶd ďioĐheŵiĐal paƌaŵeteƌs fƌoŵ the thƌee doŵiŶaŶt 
heƌďiǀoƌous AŶtaƌĐtiĐ Đopepods C. acutus, Rhincalanus gigas aŶd Calanus pƌopinƋuus aƌe 
pƌoǀided iŶ the ĐoŶteǆt of diffeƌeŶt life-ĐǇĐle stƌategies. 
Chapteƌ ϭ desĐƌiďes eŵpiƌiĐal oďseƌǀatioŶs oŶ Ŷeutƌal ďuoǇaŶĐǇ iŶ diapausiŶg C. acutus duƌiŶg 
austƌal ǁiŶteƌ. Chapteƌ Ϯ suppoƌts Ŷoǀel hǇpotheses oŶ ;iͿ ďuoǇaŶĐǇ ƌegulatioŶ ǀia 
ŵodifiĐatioŶ of the eǆtƌaĐellulaƌ ĐatioŶ ĐoŵpositioŶ aŶd ;iiͿ ŵetaďoliĐ depƌessioŶ aŶd 
diapause iŶduĐtioŶ ďǇ a ƌeduĐtioŶ of eǆtƌaĐellulaƌ pH. Chapteƌ ϯ iŶtegƌates a ĐoŵpƌeheŶsiǀe 
seasoŶal aŶd depth-ƌelated ĐoŵpaƌisoŶ of aŵŵoŶiuŵ ĐoŶĐeŶtƌatioŶs aŶd pH leǀels ǁith otheƌ 
phǇsiologiĐal aŶd ďioĐheŵiĐal paƌaŵeteƌs to ĐoŶfiƌŵ aŶd eǆteŶd eǆistiŶg kŶoǁledge oŶ life-
ĐǇĐle stƌategies of polaƌ Đopepods. 
 
ϰ.ϭ The iŵpoƌtaŶĐe of Ŷeutƌal ďuoǇaŶĐǇ foƌ a suĐĐessful iŵpleŵeŶtatioŶ of diapause 
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4.1 The iŵportaŶĐe of Ŷeutral ďuoyaŶĐy for a suĐĐessful iŵpleŵeŶtatioŶ of diapause  
The ĐoŶtƌol of ďuoǇaŶĐǇ aŶd the ŵaiŶteŶaŶĐe of aŶ optiŵal oǀeƌǁiŶteƌiŶg depth oǀeƌ a loŶg 
peƌiod of tiŵe plaǇ a ĐƌuĐial ƌole, dƌiǀiŶg aŶatoŵiĐal, ďioĐheŵiĐal aŶd ďehaǀioƌal adaptatioŶs. 
DiapausiŶg Đopepods Ŷeed to ƌestƌaiŶ aŶǇ aĐtiǀities of high eŶeƌgetiĐ eǆpeŶdituƌe to suƌǀiǀe 
the food-liŵited ǁiŶteƌ peƌiod ǁithout a depletioŶ of theiƌ ƌestƌiĐted ƌesouƌĐes. AĐtiǀe 
sǁiŵŵiŶg has ďeeŶ shoǁŶ to ďe ƌespoŶsiďle foƌ a fouƌ- to seǀeŶfold iŶĐƌease of ŵetaďoliĐ 
ƌate iŶ Đopepods Calanus helgolandicus aŶd Dioithona oculata ;e.g. Paǀloǀa aŶd MiŶkiŶa ϭϵϴϳ, 
SǀetliĐhŶǇ aŶd UŵaŶskaǇa ϭϵϵϭ, BuskeǇ ϭϵϵϴͿ, aŶd ƌespiƌatioŶs ƌates of aŶaesthetised, aŶd 
heŶĐe iŵŵoďile plaŶktoŶiĐ ĐƌustaĐeaŶs ǁeƌe aďout fiǀe to siǆ tiŵes loǁeƌ thaŶ those of 
aĐtiǀelǇ sǁiŵŵiŶg speĐiŵeŶs ;DaǀeŶpoƌt aŶd TƌueŵaŶ ϭϵϴϱͿ. HeŶĐe, ŵeĐhaŶisŵs to oďǀiate 
oƌ ƌeduĐe sǁiŵŵiŶg aĐtiǀities to keep eŶeƌgetiĐ deŵaŶds loǁ aƌe of fuŶdaŵeŶtal iŵpoƌtaŶĐe 
duƌiŶg diapause. DiapausiŶg iŶdiǀiduals sloǁ doǁŶ theiƌ ŵetaďolisŵ to a ŵiŶiŵuŵ of esseŶtial 
ǀital fuŶĐtioŶs ;SǀetliĐhŶǇ aŶd Huďaƌeǀa ϮϬϬϱͿ aŶd it is assuŵed that theǇ ƌeŵaiŶ ŵotioŶless 
aŶd ŶeutƌallǇ ďuoǇaŶt thƌoughout diapause duƌatioŶ. Hoǁeǀeƌ, eǆpeƌiŵeŶtal oďseƌǀatioŶs of 
sǁiŵŵiŶg ďehaǀiouƌ aŶd ďuoǇaŶĐǇ oƌ deŶsitǇ deteƌŵiŶatioŶs foƌ AŶtaƌĐtiĐ Đopepods did Ŷot 
eǆist so faƌ.  
The pƌeseŶt studǇ ĐoŶtaiŶs the fiƌst ƌeĐoƌd that diapausiŶg C. acutus aĐhieǀe a state of Ŷeutƌal 
ďuoǇaŶĐǇ duƌiŶg austƌal ǁiŶteƌ aŶd that ďuoǇaŶĐǇ is ŵaiŶtaiŶed oŶlǇ ďǇ theiƌ ďioĐheŵiĐal 
ĐoŵpositioŶ. IŶ ĐoŶtƌast, aĐtiǀe-oǀeƌǁiŶteƌiŶg C. pƌopinƋuus ǁeƌe ŶegatiǀelǇ ďuoǇaŶt 
;Chapteƌ ϭ, SĐhƌüŶdeƌ et al. ϮϬϭϰͿ. IŶ oƌdeƌ to float, diapausiŶg Đopepods ŵust haǀe the saŵe 
deŶsitǇ as the suƌƌouŶdiŶg seaǁateƌ. MaiŶ ĐoŶtƌiďutoƌs to Ŷegatiǀe ďuoǇaŶĐǇ aƌe pƌoteiŶs aŶd 
ĐaƌďohǇdƌates ǁith deŶsities of ϭ.ϯ aŶd ϭ.ϱ g Đŵ-ϯ, ƌespeĐtiǀelǇ, eǆĐeediŶg the deŶsitǇ of 
seaǁateƌ ;≈ϭ.ϬϮϱ g Đŵ-ϯͿ. The iŶĐoƌpoƌatioŶ of laƌge aŵouŶts of loǁ-deŶsitǇ lipids is a ŵajoƌ 
ĐoŶtƌiďutioŶ to Ŷeutƌal ďuoǇaŶĐǇ aŶd aŶ iŶĐƌeasiŶg Ŷuŵďeƌ of studies foĐus oŶ the ƌole of loǁ-
deŶsitǇ lipids foƌ ďuoǇaŶĐǇ ƌegulatioŶ duƌiŶg diapause ;e.g. Visseƌ & JóŶasdóttiƌ ϭϵϵϵ, IƌigoieŶ 
ϮϬϬϰͿ. Hoǁeǀeƌ, a puƌelǇ lipid-ďased ďuoǇaŶĐǇ ƌegulatioŶ leads to aŶ iŶheƌeŶtlǇ uŶstaďle 
depth of Ŷeutƌal ďuoǇaŶĐǇ due to the theƌŵal eǆpaŶsioŶ aŶd ĐoŵpƌessiďilitǇ of lipids ;Visseƌ 
aŶd JóŶasdóttiƌ ϭϵϵϵ, Caŵpďell aŶd Doǁeƌ ϮϬϬϯͿ. It folloǁs, that the ŵaiŶteŶaŶĐe of Ŷeutƌal 
ďuoǇaŶĐǇ ƌeƋuiƌes at least additioŶal ƌegulatioŶ ŵeĐhaŶisŵs. 
ϰ.Ϯ BuoǇaŶĐǇ ƌegulatioŶ ďǇ aŵŵoŶiuŵ aĐĐuŵulatioŶ aŶd ioŶ ƌeplaĐeŵeŶt 
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4.2 BuoyaŶĐy regulatioŶ ďy aŵŵoŶiuŵ aĐĐuŵulatioŶ aŶd ioŶ replaĐeŵeŶt  
WidelǇ distƌiďuted adaptatioŶs fouŶd iŶ pelagiĐ iŶǀeƌteďƌates to ƌeduĐe the oǀeƌall deŶsitǇ aƌe 
aŶ iŶĐƌease iŶ lipid oƌ ǁateƌ ĐoŶteŶt, a ƌeduĐtioŶ iŶ eǆoskeletoŶ ĐalĐifiĐatioŶ oƌ the use of gas-
filled Đhaŵďeƌs ;DeŶtoŶ aŶd GilpiŶ-BƌoǁŶ ϭϵϲϭ, DeŶtoŶ aŶd GilpiŶ-BƌoǁŶ ϭϵϲϲ, SaŶdeƌs aŶd 
Childƌess ϭϵϴϴͿ. AŶotheƌ appƌoaĐh is the ƌeduĐtioŶ of the deŶsitǇ of ďodǇ fluids ďǇ ioŶ 
ƌeplaĐeŵeŶt, foƌ iŶstaŶĐe iŶ pelagiĐ deep-ǁateƌ shƌiŵps, Đephalopods aŶd phǇtoplaŶktoŶiĐ 
Đells ;DeŶtoŶ et al. ϭϵϲϵ, Claƌke et al. ϭϵϳϵ, SaŶdeƌs aŶd Childƌess ϭϵϴϴ, BoǇd aŶd GƌadŵaŶŶ 
ϮϬϬϮͿ. IŶ ĐƌaŶĐhiid sƋuids aŶd the deep-sea ĐƌustaĐeaŶ Notostoŵus giďďosus, ŶeaƌlǇ all 
sodiuŵ ioŶs ;Na+Ϳ aƌe ƌeplaĐed ďǇ NHϰ+ iŶ ďodǇ fluids. The aĐĐuŵulatioŶ of up to ϱϬϬ ŵŵol L-ϭ 
NHϰ+ aŶd aŶ assoĐiated eǆĐhaŶge of ioŶs ǁith a higheƌ deŶsitǇ ƌesults iŶ aŶ uplift of ŵoƌe thaŶ 
ϭϳ ŵg ŵL-ϭ aŶd pƌoǀides Ŷeutƌal ďuoǇaŶĐǇ ;DeŶtoŶ et al. ϭϵϲϵ, SaŶdeƌs aŶd Childƌess ϭϵϴϴͿ.  
WithiŶ this studǇ, aŶ iŶteŶse aĐĐuŵulatioŶ of aŵŵoŶiuŵ ǁith siŵilaƌ ĐoŶĐeŶtƌatioŶs of up to 
ϱϯϬ ŵŵol L-ϭ ǁas fouŶd iŶ the haeŵolǇŵph of ďoth diapausiŶg speĐies CalaŶoides aĐutus aŶd 
RhiŶĐalaŶus gigas ;Chapteƌ Ϯ & ϯ, SĐhƌüŶdeƌ et al. ϮϬϭϯ, SĐhƌüŶdeƌ et al. suďŵittedͿ. The 
eleǀated ĐoŶĐeŶtƌatioŶs of NHϰ+ ǁeƌe assoĐiated ǁith ŵiŶoƌ ĐoŶtƌiďutioŶs of the ƌeŵaiŶiŶg 
ĐatioŶs, iŶ paƌtiĐulaƌ Na+ aŶd diǀaleŶt MgϮ+, CaϮ+, heŶĐe highlightiŶg a suďstaŶtial ioŶ 
ƌeplaĐeŵeŶt. These fiŶdiŶgs suppoƌt the idea of a pƌeǀious studǇ ;Saƌtoƌis et al. ϮϬϭϬͿ aŶd 








ϰ.ϯ The iŶteƌ-liŶked ƌole of aŵŵoŶiuŵ aĐĐuŵulatioŶ aŶd pH ƌeduĐtioŶ 
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ϰ.ϯ The iŶter-liŶked role of aŵŵoŶiuŵ accuŵulatioŶ aŶd pH reductioŶ  
IŶ ŵost ŵaƌiŶe oƌgaŶisŵs, iŶĐludiŶg ŵaŵŵals, fish aŶd ĐƌustaĐeaŶs, the ĐoŶĐeŶtƌatioŶ of 
aŵŵoŶiuŵ iŶ ďodǇ fluids is geŶeƌallǇ loǁ ;ϱϬ-ϰϬϬ µŵol L-ϭ, WeihƌauĐh et al. ϮϬϬϰͿ, due to the 
poteŶtiallǇ toǆiĐ effeĐts of its deioŶised foƌŵ NHϯ. This studǇ eǆteŶds the hǇpothesis of ioŶ 
ƌeplaĐeŵeŶt aŶd aŵŵoŶiuŵ aĐĐuŵulatioŶ as a ďuoǇaŶĐǇ aid ďǇ the fiŶdiŶg that aŵŵoŶiuŵ 
ĐoŶĐeŶtƌatioŶs ǁeƌe sigŶifiĐaŶtlǇ affeĐted ďǇ aĐiditǇ aŶd iŶĐƌeased ǁith loǁeƌ pH ǀalues iŶ the 
haeŵolǇŵph of diapausiŶg C. aĐutus aŶd R. gigas ;Chapteƌ Ϯ & ϯ, SĐhƌüŶdeƌ et al. ϮϬϭϯ, 
SĐhƌüŶdeƌ et al. suďŵittedͿ. It pƌoǀes that pH ĐoŶditioŶs aƌe kept loǁ to ŵaiŶtaiŶ aŵŵoŶiuŵ 
iŶ the less toǆiĐ NHϰ+ ioŶised foƌŵ aŶd to aǀoid a diffusiǀe loss of NHϯ. 
pH plaǇs a keǇ ƌole iŶ ŵaŶǇ phǇsiologiĐal pƌoĐesses suĐh as eŶzǇŵe aĐtiǀitǇ, pƌoteiŶ fuŶĐtioŶ 
aŶd ioŶ tƌaŶspoƌt ;Gattuso aŶd HaŶssoŶ ϮϬϭϭͿ. Loǁ iŶtƌaĐellulaƌ pH ĐoŶditioŶs ƌeduĐe eŶeƌgǇ 
tuƌŶoǀeƌ aŶd ŵetaďoliĐ ƌates iŶ seǀeƌal iŶǀeƌteďƌates, foƌ iŶstaŶĐe the sŶail Oreoheliǆ spp., 
aŶd iŶduĐe doƌŵaŶĐǇ iŶ the ďƌiŶe shƌiŵp Arteŵia saliŶa ;Busa aŶd NuĐĐitelli ϭϵϴϰ, HaŶd aŶd 
GŶaigeƌ ϭϵϴϴ, HaŶd aŶd CaƌpeŶteƌ ϭϵϴϲ, Rees aŶd HaŶd ϭϵϵϬͿ. The ŵodulatioŶ of the 
iŶtƌaĐellulaƌ pH is a ƌegulated Đellulaƌ pƌoĐess, ǁhiĐh ƌeƋuiƌes a speĐifiĐ eŶeƌgǇ deŵaŶd foƌ the 
ioŶ eǆĐhaŶge ďetǁeeŶ iŶtƌa- aŶd eǆtƌaĐellulaƌ ĐoŵpaƌtŵeŶts agaiŶst aŶ eleĐtƌoĐheŵiĐal 
gƌadieŶt ;ReipsĐhlägeƌ aŶd PöƌtŶeƌ ϭϵϵϲͿ. IŶ ĐoŶtƌast, eǆtƌaĐellulaƌ pH is pooƌlǇ ƌegulated aŶd 
uŶdeƌlies pƌotoŶ tƌaŶsfeƌ fƌoŵ the iŶtƌaĐellulaƌ spaĐe depeŶdiŶg oŶ the ŵetaďoliĐ ƌate 
;PöƌtŶeƌ ϭϵϵϯͿ. Hoǁeǀeƌ, iŶ ǀitƌo eǆpeƌiŵeŶts oŶ isolated ďodǇ ǁall ŵusĐulatuƌe of the 
ŵaƌiŶe ǁoƌŵ SipuŶĐulus Ŷudus haǀe shoǁŶ that loǁ pHe ǀalues suppoƌt a ƌeduĐtioŶ of ATP 
;adeŶosiŶe-ϱ'-tƌiphosphateͿ tuƌŶoǀeƌ ďǇ aŶ iŶhiďitioŶ of Ŷet pƌotoŶ tƌaŶspoƌt aĐƌoss the Đell 
ŵeŵďƌaŶe, thus loǁeƌiŶg the eŶeƌgǇ deŵaŶd of pHi ƌegulatioŶ ďǇ a deĐƌease iŶ the oǀeƌall 
ƌate of aĐid-ďase ƌegulatioŶ aŶd ĐoŶtƌiďutiŶg to aŶ eŶeƌgǇ-saǀiŶg stƌategǇ duƌiŶg ŵetaďoliĐ 
depƌessioŶ ;LaŶgeŶďuĐh aŶd PöƌtŶeƌ ϮϬϬϮͿ. A deĐƌease of pHe fƌoŵ a ĐoŶtƌol leǀel of ϳ.ϵ to ϲ.ϳ 
ƌesulted iŶ a ƌeduĐtioŶ of the aeƌoďiĐ ŵetaďoliĐ ƌate ďǇ ϰϬ-ϰϱ% ;LaŶgeŶďuĐh aŶd PöƌtŶeƌ 
ϮϬϬϮͿ. Theƌefoƌe, it is possiďle that loǁ pH ĐoŶditioŶs also aĐt as a tƌiggeƌ foƌ ŵetaďoliĐ 
depƌessioŶ aŶd heŶĐe diapause iŶ Đopepods. The ĐoŵďiŶatioŶ of eǆpeƌiŵeŶtal aŶd ŵoleĐulaƌ 
appƌoaĐhes iŶ futuƌe studies ǁill help to iŶǀestigate ǁhetheƌ the iŵpoƌtaŶĐe of pHe ĐhaŶges 
foƌ ŵetaďoliĐ ƌegulatioŶ is as high iŶ diapausiŶg Đopepods as it ǁas deŵoŶstƌated foƌ S. Ŷudus. 
ϰ.ϰ SeasoŶal ĐoŵpaƌisoŶ of eǆtƌaĐellulaƌ ĐatioŶ ĐoŵpositioŶs aŶd pH leǀels 
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ϰ.ϰ SeasoŶal coŵparisoŶ of extracellular catioŶ coŵpositioŶs aŶd pH levels 
AĐĐoƌdiŶg to the hǇpothesis that aŵŵoŶiuŵ aĐĐuŵulatioŶ suppoƌts Ŷeutƌal ďuoǇaŶĐǇ duƌiŶg 
diapause aŶd that aŶ assoĐiated dƌop of eǆtƌaĐellulaƌ pH ĐoŶtƌols ŵetaďoliĐ depƌessioŶ, NHϰ+ 
aĐĐuŵulatioŶ aŶd pHe ƌeduĐtioŶ should ďe seasoŶal pheŶoŵeŶa aŶd ǀaƌǇ ǁith Đopepodid 
deǀelopŵeŶt aŶd depth. The eǆpeĐtatioŶ ǁould ďe that aŵŵoŶiuŵ ĐoŶĐeŶtƌatioŶs aƌe 
highest iŶ oǀeƌǁiŶteƌiŶg stages at gƌeateƌ depth aŶd that pH ĐoŶditioŶs aƌe oŶ phǇsiologiĐal 
leǀels of ≥ ϳ.ϴ iŶ aĐtiǀe iŶdiǀiduals at the suƌfaĐe iŶ spƌiŶg aŶd suŵŵeƌ to pƌeǀeŶt ŵetaďoliĐ 
depƌessioŶ. Hoǁeǀeƌ, aŵŵoŶiuŵ ĐoŶĐeŶtƌatioŶs ǀaƌied gƌeatlǇ eǀeŶ ǁithiŶ iŶdiǀiduals of the 
saŵe speĐies, deǀelopŵeŶtal stage aŶd seasoŶ, aŶd seasoŶal as ǁell as depth-ƌelated 
diffeƌeŶĐes ǁeƌe Ŷot sigŶifiĐaŶt ;Chapteƌ Ϯ & ϯ, SĐhƌüŶdeƌ et al. ϮϬϭϯ, SĐhƌüŶdeƌ et al. 
suďŵittedͿ. As alƌeadǇ ŵeŶtioŶed iŶ Chapteƌ ϯ, ŵost of the ǀaƌiaŶĐe ĐaŶ ďe eǆplaiŶed ďǇ a 
ĐoŵďiŶatioŶ of iŶdiǀidual, iŶteƌ-aŶŶual, aŶd spatial ǀaƌiaďilitǇ. Gƌeat ǀaƌiaŶĐes iŶ aŵŵoŶiuŵ 
ĐoŶĐeŶtƌatioŶ aƌe a ĐoŵŵoŶ pheŶoŵeŶoŶ iŶ otheƌ aŵŵoŶiaĐal oƌgaŶisŵs suĐh as sƋuid 
;Lipiński aŶd TuƌoďoǇski ϭϵϴϯͿ. The eǆteŶt of aŵŵoŶiuŵ aĐĐuŵulatioŶ as a ďuoǇaŶĐǇ-aid is a 
highlǇ iŶdiǀidual pƌoĐess aŶd depeŶds iŶteƌ alia oŶ the phǇsiologiĐal status aŶd the 
ďioĐheŵiĐal ĐoŵpositioŶ of eaĐh iŶdiǀidual. DuƌiŶg diapause, ĐessatioŶ of feediŶg aŶd 
doƌŵaŶĐǇ pƌeǀeŶt/ŵiŶiŵise ĐoŵpositioŶal ĐhaŶges ǁith ƌegaƌd to ǁateƌ-, ash-, pƌoteiŶ-, lipid, 
ĐaƌďohǇdƌate-, ĐhitiŶ-, ĐaƌďoŶ- aŶd ŶitƌogeŶ-ĐoŶteŶt ;DoŶŶellǇ et al. ϭϵϵϰͿ. But at the eŶd of 
the oǀeƌǁiŶteƌiŶg peƌiod, ŵoultiŶg aŶd ƌepƌoduĐtiǀe pƌoĐesses haǀe tƌeŵeŶdous effeĐts oŶ 
the ƌelatiǀe pƌopoƌtioŶs aŶd ǀoluŵe fƌaĐtioŶs of all ďodǇ ĐoŵpoŶeŶts. No lateƌ thaŶ that, the 
deŶsitǇ deĐƌeasiŶg effeĐts of aŵŵoŶiuŵ aĐĐuŵulatioŶ aŶd ioŶ ƌeplaĐeŵeŶt Đoŵe iŶto effeĐt. 
DepeŶdiŶg oŶ haďitat, latitude aŶd seasoŶal pƌogƌess, ĐoŶsideƌaďle ǀaƌiatioŶ iŶ iŶdiǀidual life 
histoƌies ĐaŶŶot ďe eǆĐluded. EspeĐiallǇ duƌiŶg tƌaŶsitioŶ peƌiods suĐh as spƌiŶg, paƌts of the 
populatioŶ ŵight still ƌeside iŶ diapause ǁhile otheƌs alƌeadǇ staƌted aǁakeŶiŶg. Fuƌtheƌ ďias 
ŵaǇ oĐĐuƌ ďeĐause saŵples Đaŵe fƌoŵ fouƌ sepaƌate eǆpeditioŶs, aŶd it ǁas Ŷot possiďle to 




ϰ.ϱ The oƌigiŶ aŶd tiŵiŶg of aŵŵoŶiuŵ aĐĐuŵulatioŶ 
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ϰ.ϱ The origiŶ aŶd tiŵiŶg of aŵŵoŶiuŵ accuŵulatioŶ 
Eleǀated leǀels of aŵŵoŶiuŵ as fouŶd iŶ diapausiŶg Đopepod speĐies ǁithiŶ this studǇ ĐaŶ 
haǀe tǁo possiďle oƌigiŶs. The fiƌst poteŶtial ǁaǇ is that NHϰ+ is deƌiǀed fƌoŵ dietaƌǇ iŶput 
duƌiŶg the pƌoduĐtiǀe seasoŶ aŶd is aĐĐuŵulated at the suƌfaĐe ďefoƌe Đopepods staƌt to 
desĐeŶd to oǀeƌǁiŶteƌiŶg depth. The seĐoŶd ǁaǇ is that it oƌigiŶates fƌoŵ the aŵiŶo-aĐid 
Đataďolisŵ of ďodǇ pƌoteiŶs duƌiŶg diapause. The degƌadatioŶ of pƌoteiŶs is the ŵajoƌ souƌĐe 
of ŶitƌogeŶous ĐoŵpouŶds iŶ aƋuatiĐ ĐƌustaĐeaŶs ;WeihƌauĐh et al. ϮϬϬϰͿ. Hoǁeǀeƌ, 
staƌǀatioŶ eǆpeƌiŵeŶts of AƌĐtiĐ-ďoƌeal Đopepods CalaŶus helgolaŶdiĐus, CalaŶus fiŶŵarĐhiĐus 
aŶd CalaŶus glaĐialis ;MaǇoƌ et al. ϮϬϭϭ, TaŵelaŶdeƌ et al. ϮϬϬϲͿ, as ǁell as kƌill aŶd ŵǇsids 
;Fƌazeƌ et al. ϭϵϵϳ, Goƌokhoǀa aŶd HaŶssoŶ ϭϵϵϵͿ ƌeǀealed that ŶoŶ-ŶitƌogeŶous suďstƌates 
suĐh as fattǇ aĐids aƌe pƌefeƌaďlǇ used to ŵeet ďasal ŵetaďoliĐ ƌeƋuiƌeŵeŶts duƌiŶg 
staƌǀatioŶ, thus saǀiŶg pƌoteiŶs foƌ gƌoǁth aŶd ƌepƌoduĐtioŶ ;RoŵaŶ ϭϵϴϯ, MaǇoƌ et al. ϮϬϭϭͿ. 
With ƌegaƌd to the tiŵiŶg of aŵŵoŶiuŵ aĐĐuŵulatioŶ, this ǁould ŵeaŶ that ŵost of the NHϰ+ 
is pƌoduĐed iŶ the aĐtiǀe peƌiod ďefoƌe desĐeŶdiŶg to oǀeƌǁiŶteƌiŶg depth. It ǁould at least 
eǆplaiŶ ǁhǇ high leǀels of aŵŵoŶiuŵ ǁeƌe fouŶd thƌoughout the ǁhole Ǉeaƌ at ǀaƌious 
depths aŶd Ŷot oŶlǇ iŶ oǀeƌǁiŶteƌiŶg stages at gƌeateƌ depth. Hoǁeǀeƌ, this seƋueŶĐe ǁould 
ďe ĐouŶteƌpƌoduĐtiǀe iŶ the pƌoĐess of doǁŶǁaƌd ŵigƌatioŶ, siŶĐe Đopepods ǁould desĐeŶd 
at tiŵes ǁheŶ theiƌ aŵŵoŶiuŵ ;aŶd lipidͿ stoƌes aŶd, heŶĐe, ďuoǇaŶĐǇ aƌe at ŵaǆiŵuŵ.  
The tiŵiŶg of OVM aŶd the seƋueŶĐe of phǇsiologiĐal adaptatioŶs iŶ polaƌ Đopepods aƌe 
suďjeĐt of aŶ oŶgoiŶg disĐussioŶ, also ǁith ƌegaƌd to the aĐĐuŵulatioŶ of lipids ;Visseƌ & 
JoŶasdottiƌ ϭϵϵϵ, IƌigoieŶ ϮϬϬϰͿ. The lipid stoƌes aŶd, heŶĐe, lipid-ƌegulated ďuoǇaŶĐǇ ƌeaĐh a 
ŵaǆiŵuŵ pƌioƌ to the oŶset of the doǁŶǁaƌd ŵigƌatioŶ. As a ƌesult, iŶstead of siŶkiŶg 
passiǀelǇ, Đopepods Ŷeed to sǁiŵ aĐtiǀelǇ uŶtil theǇ ƌeaĐh oǀeƌǁiŶteƌiŶg depth. SiŵilaƌlǇ, 
Đopepods Ŷeed to asĐeŶd iŶ spƌiŶg ǁith seǀeƌelǇ ƌeduĐed lipid leǀels. Theƌefoƌe, lipids haǀe 
ofteŶ ďeeŶ ĐoŶsideƌed as a ďaƌƌieƌ foƌ doǁŶǁaƌd ŵigƌatioŶ ƌatheƌ thaŶ aŶ aid ;YaǇaŶos et al. 
ϭϵϳϴͿ. AŶ iŶĐƌeasiŶg Ŷuŵďeƌ of studies, hoǁeǀeƌ, suppoƌt the assuŵptioŶ that the phǇsiĐal 
pƌopeƌties of the aĐĐuŵulated ǁaǆ esteƌs ǁithiŶ the lipid stoƌes plaǇ a ǀital ƌole iŶ the 
aĐhieǀeŵeŶt of Ŷeutƌal ďuoǇaŶĐǇ at oǀeƌǁiŶteƌiŶg depth ;Visseƌ aŶd JóŶasdóttiƌ ϭϵϵϵ, PoŶd 
aŶd TaƌliŶg ϮϬϭϭ, PoŶd et al. ϮϬϭϮ, PoŶd ϮϬϭϮͿ. Visseƌ aŶd JóŶasdóttiƌ ;ϭϵϵϵͿ deǀeloped a 
siŵple thƌee ĐoŵpoŶeŶt ŵodel to ĐalĐulate a depth of Ŷeutƌal ďuoǇaŶĐǇ of diapausiŶg CalaŶus 
fiŶŵarĐhiĐus iŶ the Faƌoe-ShetlaŶd ChaŶŶel, ďased oŶ pƌessuƌe- aŶd teŵpeƌatuƌe-iŶduĐed 
ϰ.ϱ The oƌigiŶ aŶd tiŵiŶg of aŵŵoŶiuŵ aĐĐuŵulatioŶ 
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deŶsitǇ diffeƌeŶĐes ďetǁeeŶ the aĐĐuŵulated ǁaǆ esteƌs aŶd the suƌƌouŶdiŶg seaǁateƌ. TheǇ 
pƌoposed a Ŷet effeĐt that ǁaǆ esteƌs ďeĐoŵe deŶseƌ ǁith iŶĐƌeasiŶg depth aŶd deĐƌeasiŶg 
ǁateƌ teŵpeƌatuƌe, thus iŶĐƌeasiŶg the ďodǇ deŶsitǇ of the iŶdiǀidual iŶ oƌdeƌ to pƌeǀeŶt a 
hǇdƌostatiĐ lift ďǇ the otheƌǁise loǁ-deŶsitǇ lipids. PoŶd aŶd TaƌliŶg ;ϮϬϭϭͿ aŶd PoŶd et al. 
;ϮϬϭϮͿ eǆpaŶd this idea aŶd postulate that ǁaǆ esteƌs ǁith a ĐeƌtaiŶ thƌeshold of >ϱϬ% 
uŶsatuƌatioŶ ;ǁith ƌespeĐt to the aŵouŶt of douďle ďoŶds ďetǁeeŶ ĐaƌďoŶ atoŵs iŶ the WE 
ŵoleĐuleͿ aƌe assuŵed to uŶdeƌgo pƌessuƌe- aŶd teŵpeƌatuƌe-iŶduĐed phase tƌaŶsitioŶs fƌoŵ 
liƋuid to solid phase at depths ≥ϱϬϬ ŵ. AĐĐoƌdiŶg to Visseƌ aŶd JóŶasdóttiƌ ;ϭϵϵϵͿ, the deŶsitǇ 
diffeƌeŶĐe ďetǁeeŶ seaǁateƌ at a saliŶitǇ of ϯϱ aŶd ϳ°C at the suƌfaĐe aŶd Ϭ°C at ϭϬϬϬ ŵ is 
Ϭ.ϬϬϱϰ g Đŵ-ϯ, ǁheƌeas the ƌespeĐtiǀe deŶsitǇ diffeƌeŶĐe foƌ ǁaǆ esteƌs ďetǁeeŶ the saŵe 
depths is Ϭ.Ϭϭϵϯ g Đŵ-ϯ. This ǁould ŵeaŶ that Đopepods that aƌe positiǀelǇ ďuoǇaŶt at the 
suƌfaĐe ǁould ďeĐoŵe ŶeutƌallǇ ďuoǇaŶt at gƌeateƌ depths. The effeĐt of oŶ aŵŵoŶiuŵ-
ĐoŶtaiŶiŶg fluid is pƌoďaďlǇ iŶ a siŵilaƌ ƌaŶge, assuŵiŶg a deŶsitǇ diffeƌeŶĐe of Ϭ.Ϭϭϳ g Đŵ-ϯ 
;aŵŵoŶiuŵ-ĐoŶtaiŶiŶg fluid ǁith ϭ.Ϭϭϭ g Đŵ-ϯ at ϯϬϬ ŵŵol L-ϭ ǀs. seaǁateƌ ǁith ϭ.ϬϮϴ g Đŵ-ϯ 
at saliŶitǇ ϯϱ aŶd Ϭ °CͿ. A ĐoŵďiŶatioŶ of ďoth faĐtoƌs, i.e. the iŶĐƌease iŶ ǁaǆ esteƌ deŶsitǇ 
aŶd loǁ-deŶsitǇ aŵŵoŶiuŵ aĐĐuŵulatioŶ, Đould aĐtuallǇ ƌepƌeseŶt a possiďle eǆplaŶatioŶ foƌ 
the ƌegulatoƌǇ ŵeĐhaŶisŵs of Đopepod ďuoǇaŶĐǇ. Both, lipids aŶd aŵŵoŶiuŵ aƌe 
aĐĐuŵulated duƌiŶg the pƌoduĐtiǀe seasoŶ at the suƌfaĐe aŶd Đopepods Ŷeed to sǁiŵ to a 
ĐeƌtaiŶ depth uŶtil a deŶsitǇ iŶĐƌease oƌ eǀeŶ a pƌessuƌe-iŶduĐed phase-tƌaŶsitioŶ of ǁaǆ 
esteƌs is aĐhieǀed. The eǆteŶt of lipid aĐĐuŵulatioŶ aŶd the degƌee of uŶsatuƌatioŶ of the ǁaǆ 
esteƌs deteƌŵiŶe the oǀeƌǁiŶteƌiŶg depth of Ŷeutƌal ďuoǇaŶĐǇ. Lipids aƌe to a ĐeƌtaiŶ paƌt 
utilized at the eŶd of diapause foƌ ŵoultiŶg, gƌoǁth aŶd ƌepƌoduĐtiǀe pƌoĐesses so that 
aŵŵoŶiuŵ aĐĐuŵulatioŶ Đould aĐt as a fiŶe-tuŶiŶg ŵeĐhaŶisŵ aŶd assist iŶ the suďseƋueŶt 
upǁaƌd ŵigƌatioŶ iŶ spƌiŶg, ǁheŶ lipid leǀels aƌe seǀeƌelǇ ƌeduĐed. 
If so, pH ƌeduĐtioŶ Ŷeeds to pƌeĐede aŵŵoŶiuŵ aĐĐuŵulatioŶ duƌiŶg the aĐtiǀe feediŶg 
peƌiod. Copepods ŵust fiƌst ƌeduĐe theiƌ pH to aǀoid the toǆiĐ effeĐts aŶd the diffusiǀe loss of 
aŵŵoŶia. A loǁ pH ǁould theŶ ƌepƌeseŶt the tƌiggeƌ foƌ the ĐessatioŶ of feediŶg aŶd the 
oŶset of diapause. This seƋueŶĐe ǁould eǆplaiŶ ǁhǇ pH leǀels did Ŷot shoǁ a distiŶĐt seasoŶal 
tƌeŶd aŶd loǁ pH leǀels ǁeƌe also fouŶd iŶ spƌiŶg aŶd suŵŵeƌ. But it ǁould ƌeŵaiŶ 
uŶeǆplaiŶed hoǁ Đopepods ǁith a ƌeduĐed ŵetaďolisŵ aŶd heŶĐe sǁiŵŵiŶg aĐtiǀitǇ aƌe aďle 
to ƌeaĐh depths of pƌessuƌe-iŶduĐed Ŷeutƌal ďuoǇaŶĐǇ, as it is assuŵed iŶ the aďoǀe disĐussed 
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hǇpothesis. Futuƌe studies should foĐus oŶ a ĐoŵďiŶatioŶ of eǆpeƌiŵeŶtal aŶd ŵoleĐulaƌ 
appƌoaĐhes to aĐtuallǇ uŶdeƌstaŶd the ǁhole phǇsiologiĐal ŵeĐhaŶisŵ aŶd seƋueŶĐe of 
ďuoǇaŶĐǇ ƌegulatioŶ. 
ϰ.ϲ Extracellular catioŶ coŵpositioŶ aŶd pH iŶ Arctic copepods 
IŶ ďoth polaƌ oĐeaŶs, Đopepods haǀe deǀeloped siŵilaƌ adaptatioŶs to the stƌoŶg seasoŶalitǇ 
of light aŶd food ƌegiŵe at higheƌ latitudes. IŶ the AƌĐtiĐ, thƌee of the laƌgest Đopepod speĐies, 
i.e. CalaŶus fiŶŵarĐhiĐus, C. glaĐialis aŶd C. hǇperďoreus, aƌe kŶoǁŶ to peƌfoƌŵ oŶtogeŶetiĐ 
ǀeƌtiĐal ŵigƌatioŶ aŶd oǀeƌǁiŶteƌ iŶ diapause ;CoŶoǀeƌ ϭϵϴϴ, HiƌĐhe ϭϵϵϴ, Kaaƌtǀedt ϮϬϬϬ, 
Falk-PeteƌseŶ et al. ϮϬϬϵͿ. The oďǀious ƋuestioŶ is ǁhetheƌ ioŶ ƌeplaĐeŵeŶt aŶd pH ƌeduĐtioŶ 
aƌe poteŶtial ĐoŶtƌolliŶg faĐtoƌs of Đopepod doƌŵaŶĐǇ aŶd ďuoǇaŶĐǇ ƌegulatioŶ also ǁithiŶ 
these ďoƌeal aŶd AƌĐtiĐ speĐies.  
IŶdeed, iŶ a ƌeĐeŶt studǇ ;Fƌeese et al. ϮϬϭϱͿ, a Đleaƌ seasoŶal patteƌŶ of pHe ǁith ǀalues of 
ďeloǁ pH ϲ iŶ ďoƌeal ǁiŶteƌ aŶd higheƌ thaŶ pH ϳ.ϴ iŶ the suƌfaĐe laǇeƌs iŶ suŵŵeƌ ǁeƌe 
fouŶd iŶ the haeŵolǇŵph of C. glaĐialis. Hoǁeǀeƌ, NHϰ+ leǀels did Ŷot folloǁ a seasoŶal tƌeŶd 
aŶd ĐoŶĐeŶtƌatioŶs ǁeƌe geŶeƌallǇ loǁeƌ ;up to ϲϴ.ϲ±ϮϬ.ϲ ŵŵol L-ϭͿ thaŶ iŶ the AŶtaƌĐtiĐ 
speĐies ǁithiŶ this studǇ. IŶstead, ĐoŶsideƌaďle aŵouŶts of up to ϭϵϳ ± ϭϬϮ ŵŵol L-ϭ of 
Lithiuŵ ;Li+Ϳ ǁeƌe fouŶd ǁith ĐoŶĐeŶtƌatioŶs ďeiŶg distiŶĐtlǇ highest duƌiŶg the oǀeƌǁiŶteƌiŶg 
peƌiod aŶd loǁest ǁheŶ iŶdiǀiduals ǁeƌe aĐtiǀelǇ feediŶg at the suƌfaĐe. The phǇsiologiĐal 
effeĐts of Li+ Đould Ŷot Ǉet ďeeŶ Đlaƌified, ďut the eŶeƌgǇ deŵaŶdiŶg aĐĐuŵulatioŶ aŶd a 
Ŷegatiǀe ĐoƌƌelatioŶ to Na+ ĐoŶĐeŶtƌatioŶs aƌe iŶdiĐatiǀe foƌ a ďiologiĐal fuŶĐtioŶ. The authoƌs 
suggest that AƌĐtiĐ diapausiŶg Đopepods ďeŶefit fƌoŵ the ĐoŵďiŶatioŶ of ďoth NHϰ+ aŶd Li+ 
aĐĐuŵulatioŶ aŶd the ƌeplaĐeŵeŶt of ioŶs ǁith a higheƌ deŶsitǇ at the eŶd of the 
oǀeƌǁiŶteƌiŶg peƌiod ďǇ suppoƌtiŶg uplift duƌiŶg upǁaƌd ŵigƌatioŶ ;Fƌeese et al. ϮϬϭϱͿ. 
The ƋuestioŶ ƌeŵaiŶs, ǁhǇ a distiŶĐt seasoŶal tƌeŶd iŶ pHe ǁas fouŶd foƌ AƌĐtiĐ diapausiŶg 
Đopepods, ďut Ŷot foƌ AŶtaƌĐtiĐ Đopepod speĐies iŶ the pƌeseŶt studǇ. WithiŶ the studǇ of 
Fƌeese et al. ;ϮϬϭϱͿ, Đopepods ǁeƌe saŵpled iŶ ƌegulaƌ tiŵe iŶteƌǀals fƌoŵ a seasoŶallǇ iĐe-
Đoǀeƌed fjoƌd iŶ Đlose ǀiĐiŶitǇ to a laŶd-ďased statioŶ. IŶ ĐoŶtƌast, saŵples fƌoŵ the AŶtaƌĐtiĐ 
studǇ oƌigiŶate fƌoŵ fouƌ diffeƌeŶt eǆpeditioŶs aŶd fƌoŵ tƌaŶsitioŶ zoŶes of ǀaƌǇiŶg seasoŶal 
pƌogƌess. HeŶĐe, pƌofouŶd ǀaƌiatioŶs iŶ life-histoƌiĐ ďaĐkgƌouŶds ǁithiŶ the Đopepod 
populatioŶs ĐaŶŶot ďe eǆĐluded.  
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 5 Conclusions and future perspectives  
The pƌeseŶt studǇ addƌesses Ŷoǀel hǇpotheses aďout the ƌole of aŵŵoŶiuŵ aĐĐuŵulatioŶ aŶd 
pH ƌeduĐtioŶ as ĐoŶtƌolliŶg faĐtoƌs foƌ diapause iŶ AŶtaƌĐtiĐ ĐalaŶoid Đopepods. It iŶĐludes the 
fiƌst ƌepoƌt that diapausiŶg Calanoides acutus aĐhieǀe a state of Ŷeutƌal ďuoǇaŶĐǇ duƌiŶg 
austƌal ǁiŶteƌ ďǇ its ďioĐheŵiĐal ĐoŵpositioŶ aloŶe ǁithout the additioŶal Ŷeed of eŶeƌgǇ-
ƌeƋuiƌiŶg sǁiŵŵiŶg ŵoǀeŵeŶts. IŶ ĐoŶtƌast, aĐtiǀelǇ oǀeƌǁiŶteƌiŶg Calanus pƌopinƋuus aƌe 
ĐhaƌaĐteƌised ďǇ Ŷegatiǀe ďuoǇaŶĐǇ.  
It Đould ďe ĐoŶfiƌŵed that diapausiŶg aŶd ŶoŶ-diapausiŶg Đopepod speĐies diffeƌ iŶ theiƌ 
eǆtƌaĐellulaƌ ĐatioŶ ĐoŵpositioŶ. WithiŶ the haeŵolǇŵph of diapausiŶg C. acutus aŶd 
Rhincalanus gigas, stƌoŶglǇ iŶĐƌeased leǀels of aŵŵoŶiuŵ ;NHϰ+Ϳ ǁeƌe fouŶd, ǁheƌeas leǀels 
of the ƌeŵaiŶiŶg ĐatioŶs ǁeƌe ƌeduĐed. The ƌeplaĐeŵeŶt of ĐatioŶs ǁith a higheƌ ŵoleĐulaƌ 
ǁeight suĐh as Na+, MgϮ+ aŶd CaϮ+ ďǇ loǁ deŶsitǇ NHϰ+ deĐƌeases the oǀeƌall deŶsitǇ of the 
diapausiŶg Đopepod aŶd suppoƌts the aĐhieǀeŵeŶt of Ŷeutƌal ďuoǇaŶĐǇ duƌiŶg diapause aŶd 
upǁaƌd ǀeƌtiĐal ŵigƌatioŶ iŶ spƌiŶg.  
This is the fiƌst studǇ to shoǁ that the aĐĐuŵulatioŶ of aŵŵoŶiuŵ ioŶs ǁas ƌelated to seǀeƌelǇ 
deĐƌeased eǆtƌaĐellulaƌ pH leǀels of pH ≤ϲ to faǀouƌ the foƌŵatioŶ of less toǆiĐ aŵŵoŶiuŵ 
ioŶs aŶd to pƌeǀeŶt diffusiǀe loss. Otheƌ studies haǀe shoǁŶ that loǁ iŶtƌa- oƌ eǆtƌaĐellulaƌ pH 
ĐoŶditioŶs aƌe ƌespoŶsiďle foƌ ŵetaďoliĐ ƌeduĐtioŶ aŶd the iŶduĐtioŶ of doƌŵaŶĐǇ iŶ a ƌaŶge of 
iŶǀeƌteďƌates. Fuƌtheƌŵoƌe, iŶ AƌĐtiĐ diapausiŶg Calanus glacialis, a seasoŶal tƌeŶd of 
eǆtƌaĐellulaƌ pH ǁas fouŶd, eǀeŶ though ĐatioŶ ĐoŶĐeŶtƌatioŶs ǁeƌe iŶdepeŶdeŶt fƌoŵ pH 
ĐhaŶges. Thus, it is possiďle, that loǁ pHe leǀels aƌe Ŷot oŶlǇ a pƌeĐoŶditioŶ foƌ aŵŵoŶiuŵ 
aĐĐuŵulatioŶ aŶd ďuoǇaŶĐǇ ƌegulatioŶ, ďut iŶ additioŶ iŶduĐe ŵetaďoliĐ depƌessioŶ aŶd 
diapause. To assess the ƌole of loǁ pHe ĐoŶditioŶs as a poteŶtial tƌiggeƌ of Đopepod doƌŵaŶĐǇ, 
futuƌe studies should ďe ĐoŵďiŶed ǁith ŵoleĐulaƌ aŶd eǆpeƌiŵeŶtal appƌoaĐhes to gaiŶ ŵoƌe 
pƌeĐise iŶfoƌŵatioŶ oŶ the phǇsiologiĐal pƌoĐesses duƌiŶg diapause.  
Futuƌe sĐeŶaƌios aďout COϮ ĐoŶĐeŶtƌatioŶs iŶ the Eaƌth’s atŵospheƌe pƌediĐt a fouƌfold 
iŶĐƌease due to aŶthƌopogeŶiĐ eŵissioŶs fƌoŵ the ďegiŶŶiŶg of the iŶdustƌial ƌeǀolutioŶ to the 
Ǉeaƌ ϮϭϬϬ ;PlattŶeƌ et al. ϮϬϬϭͿ. OŶĐe dissolǀed iŶ seaǁateƌ, COϮ aĐts as a ǁeak aĐid, 
iŶflueŶĐiŶg the ďiĐaƌďoŶate/ĐaƌďoŶate ƌatio aŶd leadiŶg to a deĐliŶe iŶ seaǁateƌ pH. MeaŶ pH 
iŶ suƌfaĐe ǁateƌs has deĐƌeased fƌoŵ appƌoǆiŵatelǇ ϴ.Ϯ to ϴ.ϭ ďetǁeeŶ pƌe-iŶdustƌial tiŵe 
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aŶd the ϭϵϵϬs aŶd is eǆpeĐted to ƌeaĐh ϳ.ϴ iŶ Ǉeaƌ ϮϭϬϬ ;Gattuso aŶd LaǀigŶe ϮϬϬϵͿ, ǁith 
seǀeƌe effeĐts oŶ the aĐid-ďase status, ĐalĐifiĐatioŶ aŶd photosǇŶthetiĐ pƌoĐesses of affeĐted 
oƌgaŶisŵs ;ƌeǀieǁed ďǇ Gattuso aŶd HaŶssoŶ ϮϬϭϭͿ. EǀeŶ though poteŶtial phǇsiologiĐal 
effeĐts of a deĐƌease iŶ eǆtƌaĐellulaƌ pH leǀels still Ŷeed to ďe fuƌtheƌ ĐoŶfiƌŵed, it ƌeŵaiŶs 
astoŶishiŶg hoǁ Đopepods Đope ǁith a ƌeduĐtioŶ of ŵoƌe thaŶ ϭ pH uŶit as fouŶd iŶ this studǇ. 
ReĐeŶt studies iŶǀestigated the iŶflueŶĐe of eŶǀiƌoŶŵeŶtal ĐoŶditioŶs suĐh as iŶĐƌeased 
teŵpeƌatuƌes ;5 aŶd ϭϬ°CͿ aŶd/oƌ eleǀated pCOϮ of ϮϯϬϬ ppŵ oŶ the eǆtƌaĐellulaƌ pH of C. 
glacialis duƌiŶg aŶd at the eŶd of diapause ;ToŶkes et al. ϮϬϭ5Ϳ. TheǇ did Ŷot fiŶd aŶǇ ƌespoŶse 
of pHe, leadiŶg to the assuŵptioŶ that C. glacialis is Đapaďle of ƌegulatiŶg pHe eǀeŶ at 
eŶǀiƌoŶŵeŶtal ĐoŶditioŶs pƌediĐted foƌ the eŶd of the ĐeŶtuƌǇ. OŶlǇ at higheƌ food 
ĐoŶĐeŶtƌatioŶs, aŶ iŶĐƌease of pHe ǁas fouŶd, iŶdiĐatiŶg that feediŶg is ĐƌuĐial iŶ the tƌaŶsitioŶ 
fƌoŵ diapause toǁaƌds aĐtiǀitǇ ;ToŶkes et al. ϮϬϭ5Ϳ. 
Copepods ŵaǇ ƌeŵaiŶ ƌelatiǀelǇ uŶaffeĐted fƌoŵ the thƌeat of oĐeaŶ aĐidifiĐatioŶ oŶ a 
phǇsiologiĐal leǀel, ďut this does Ŷot ĐouŶt foƌ ĐhaŶges iŶ food ƋualitǇ, seasoŶal shifts iŶ food 
aǀailaďilitǇ etĐ. IŶĐƌeasiŶg atŵospheƌiĐ COϮ ĐoŶĐeŶtƌatioŶs, aĐĐoŵpaŶied ďǇ iŶĐƌeasiŶg 
teŵpeƌatuƌes ďeaƌ the ƌisk of a dƌastiĐ ƌeduĐtioŶ iŶ sea-iĐe eǆteŶt aŶd thiĐkŶess iŶ polaƌ 
oĐeaŶs, alteƌiŶg the oŶset, duƌatioŶ aŶd ŵagŶitude of pƌiŵaƌǇ pƌoduĐtioŶ due to eaƌlieƌ iĐe 
ďƌeak-ups. A teŵpoƌal ŵisŵatĐh ďetǁeeŶ the tiŵiŶg of phǇtoplaŶktoŶ ďlooŵs aŶd the 
ƌepƌoduĐtiǀe ĐǇĐles of Đopepods ŵaǇ haǀe dƌaŵatiĐ ĐoŶseƋueŶĐes foƌ the eŶtiƌe ŵaƌiŶe food 
ǁeď ;Søƌeide et al. ϮϬϭϬͿ aŶd ŵake studies oŶ Đopepod phǇsiologǇ, adaptiǀe poteŶtial aŶd 
poteŶtial iŵpliĐatioŶs of Đliŵate ĐhaŶge oŶ the life ĐǇĐles of doŵiŶaŶt heƌďiǀoƌous Đopepods 
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